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INTRODUCTION

Progress in breast cancer prevention is currently limited by 1) our inability to detect pre-invasive breast
cancer and 2) a lack of biological markers to risk-stratify mammary atypia. Optical Spectroscopy (auto
fluorescence, absorption, and scattering) is a powerful experimental imaging technique that is currently being
developed to exploit differences in the vascularity, hemoglobin oxygenation, fluorescent amino acids, metabolic
proteins and structural proteins in normal and high-risk breast tissues. My mentor, Dr. Nimmi Ramanujam has
shown that optical spectroscopy can differentiate metabolic differences between normal breast tissue from
invasive breast cancer. The overall goal of our current research is to determine if Optical Spectroscopy can
detect high-risk pre-invasive breast changes from normal breast tissue. We have taken a targeted approach,
first specifically testing the optical redox ratio (NADH/FAD), which can be imaged by confocal microscopy. We
have optimized the optical parameters in normal mammary epithelial cells and breast cancer cell lines and will
move on to testing the optical redox ratio from epithelial cells obtained by Random Periareolar Fine Needle
Aspiration (RPFNA). RPFNA is a research technique designed to prospectively sample breast cytology from
asymptomatic high-risk women. My mentor, Dr. Victoria Seewaldt, has used RPFNA to test for pre-malignant
cytological changes in over 250 high-risk women. In this multi-disciplinary postdoctoral fellowship, | will
integrate the technology developed by my two mentors, to test whether the Optical Spectroscopy, can be used
to improve the ability of RPFNA to predict short-term breast cancer risk.

Fluorescence microscopy is a useful tool to characterize the metabolic properties of normal and
cancerous cells and tissue (1, 2). The primary oxidation-reduction (redox) reactions in cells to generate energy
in the form of adenosine triphosphate (ATP) are the conversion of nicotinamide adenine dinucleotide (NAD") to
its reduced form NAD(P)H (henceforth referred to as NADH), and the oxidation of flavin adenine dinucleotide
(FAD) to FADH,. A process known as oxidative phosphorylation. Both NADH and FAD are auto-fluorescent
and have distinct excitation and emission maxima. The optical redox ratio can be determined by calculating
the ratio of the measured fluorescence intensities of NADH and FAD (NADH/FAD) (3).

Alterations in cellular metabolism are an important hallmark of carcinogenesis (4). Cancer cell
metabolism is often shifted from oxidative phosphorylation to aerobic glycolysis as the primary generator of
cellular ATP. While the exact mechanisms for the switch to aerobic glycolysis and altered cellular metabolism
are variable and complex (4, 5), it presents clear advantages for tumor growth. These advantages include
resistance to fluctuations in the local oxygen concentration (6) and alterations in the tumor microenvironment
that support tumor cell migration and invasion (7, 8). This shift, which gives rise to enhanced production of
lactate in the presence of high oxygen, has long been known as the “Warburg effect” (9). In aerobic glycolysis,
glucose is metabolized into two pyruvate molecules, which are then converted into lactate. This results in the
production of two molecules of ATP and two NADH. During oxidative phosphorylation one molecule of glucose
is converted to carbon dioxide and water, resulting in the production of 30 to 36 ATP molecules and the
oxidation of 10 NADH molecules to NAD+. Thus, the switch from oxidative phosphorylation to aerobic
glycolysis results in a net increase in NADH.

Estrogens and estrogen receptors (ERs) have been shown to play a role in numerous aspects of
cellular metabolism in a number of organ systems, including the liver, pancreas, brain, muscle and breast (10,
11). Estrogens/ER have been shown to increase glucose transport and glycolysis (12-15). For example,
estrogen exposure has been shown to increase expression of a number of glucose transporter (GLUT)
proteins (12, 15, 16). Estrogen (but not the ER antagonist tamoxifen (Tam)) increased glucose uptake and
lactate production in MCF-7 xenografts as measured by C'™ nuclear magnetic resonance imaging (13).
Additionally, estrogens/ER regulate gene expression of proteins involved in the citric acid cycle and oxidative
phosphorylation (10). While not specifically studied in the breast, estrogen/ER has been shown to regulate
citrate synthase, aconitase, and isocitrate dehydrogenase (17-20). Notably, isocitrate dehydrogense activity
results in the reduction of NAD+ to NADH, which is expected to cause an increase in the optical redox ratio.
Furthermore, ER has been shown to localize to the mitochondria in a variety of cell types (10) and it has been
proposed that mitochondrial localization ER is important for the transcriptional regulation of numerous
mitochondrial DNA encoded genes.

Previous studies have demonstrated that the optical redox ratio is statistically different between cancer
and normal epithelial cells, with cancer cells exhibiting higher redox ratios (2, 3, 21, 22). For example, in a
study comparing normal keratinocytes to HPV-transformed cells, the authors found that HPV-transformed cells
had a higher overall intensity of NADH and lower overall intensity of FAD, which resulted in a statistically
significant difference in the optical redox ratio (22). However, the optical redox ratio of NADH to FAD has not



been quantified for different biological subtypes of breast cancer, nor has its relationship to breast cancer ER

status been assessed.

BODY

The first task outlined in the Statement of Work (SOW) was to “Acquire approval from the Department of
Defense for research on samples from human subjects.” This task has been accomplished and the proposed
project has been approved by both the DoD and The University of Minnesota.

The second task was “To test UV-Visible fluorescence
signatures in defined in vitro models of early mammary
carcinogenesis.” Based on our findings presented in the
preliminary data section of the proposal (Figure 1), we first
examined the optical redox ratio (NADH/FAD) on a broader
panel of breast cancer cell lines. We quickly realized that in
addition to cells segregating based on retinoid sensitivity, the
optical redox ratio also differentiated cell lines based on
expression of the estrogen receptor (ER). To date we have
tested the optical redox ratio in a combined total of 11 normal
mammary epithelial (2), ER(-) breast cancer (4) and ER(+)
breast cancer (5) cell lines (Figure 2 and 3).

NADH

FAD

HMEC MDA-231

MDA-468 BT-474 MCF-7
Normal ER(-) ER(+)

NADH/FAD

HMEC MDA-231 MDA-468 BT-474 MCF-7
Normal ER(-) ER(+)
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Figure 1

Figure 2. A. Representative NADH and FAD
images from normal mammary epithelial cells
(HMEC), ER(-) breast cancer cell lines (MDA-231
and MDA-468), and ER(+) breast cancer cell lines
(BT-474 and MCF-7). Scale bar = 50 uM. B.
Redox ratio images corresponding to
representative images in (A), computed by
dividing NADH images by FAD images pixelby-
pixel. The color scale (shown at the right of the
figure) was optimized for MCF7 cells and was
kept constant for all images to allow direct visual
comparison of redox ratio images across cell
lines.



From this panel of cell lines we can make a number of
conclusions. First, we found that all breast cancer cell lines
have a statistically significant, by pairwise student’s t-test,
higher optical redox ratio compared to normal mammary
epithelial cells. Second, if cell line data is grouped based on 1)
normal mammary epithelial cells, 2) ER(-) breast cancer cells
and 3) ER(+) breast cancer cells, all groups are statistically
different from each other (student’s t-test p < 0.05). This
means that ER(+) cells have a higher redox ratio than ER(-)
and normal mammary epithelial cells, and ER(-) cell lines have
a higher redox ratio than normal mammary epithelial cells, but
lower than ER(+) breast cancer cell lines (Figure 4).

Figure 3. Optical Redox Ratio of
breast cancer cell lines acquired
using a Zeiss 410 laser scanning
confocal microscope. NADH intensity
images were obtained by excitation
at 351 nm and collecting the
fluorescence emission with a 400 nm
LP filter. FAD intensity images were
obtained by excitation at 488 nm and
collecting the fluorescence emission
with a 505 nm LP filter. At least 8
images were analyzed for each cell
line. Every cell per image was
analyzed separately. The optical
redox ratio from all cells in an image
was averaged, and the data from
one image represented one data
point (n = 1). Error bars represent
standard error

Figure 4. Data from cell lines shown in Figure
2 was combined based on ER receptor
expression. Error bars represent standard
error. Asterisk (*) p < 0.0001.

Figure 5. Total RNA was
isolated from all cell lines and
cDNA prepared. Quantitative
real-time PCR (qRT-PCR) was
then performed on the cDNA.
All gRT-PCR reactions were
performed in triplicate. ESR1
levels were normalized to qRT-
PCR reactions for 18S rRNA.
Figure 4 is the average of four
separate experiments. Error
bars represent standard
deviation.



The cell line data suggests that expression of ER increases the optical redox ratio. To determine if ER
expression correlates with the optical redox ratio, we performed quantitative real-time PCR on cDNA prepared
from RNA isolated from each of the cell lines. As shown in Figure 4, all ER(+) cells express ESR1 at high
levels (at least 4 fold higher than ER(-) cell lines). A Pearson correlation coefficient was calculated to
determine the linear relationship between the optical redox ratio and ESR1 expression levels and found to be
significant (p = 0.0024, r = 0.81), further suggesting that ER expression has an effect on the optical redox ratio.

We also tested for correlations between cellular growth rate and mitochondrial membrane potential, and
the optical redox ratio. Cellular growth rate for each cell line was determined by MTT assay. Cells were plated
at 1 x 104 cells/well in a 24-well plate. MTT assays were performed daily for seven days and the O.D. at
470nm was used as an estimate of cell number. Data was plotted over time, and fitted to an exponential curve
(R2>0.95). The slope of the curve was plotted against the redox ratio as shown in Figure 6A. A spearman
correlation test was performed to test for a linear correlation and found to be not statistically significant (p = -
0.70, r = 0.17). Mitochondrial membrane potential (Ym) was determined by incubated each cell line in JC-1. 5
x 1015 cells were resuspended in MEMa with 1x JC-1 and incubated at 37°C, 5% CO2 for 15 minutes. Cells
were washed in Assay Buffer and then resuspended in 300 mL of Assay Buffer. 100 mL was placed in 3 wells
of a 96-well plate for each cell line. Red (mitochondrial) fluorescence was detected with excitation/emission
wavelengths 525/ 580 — 640, while green (cytoplasmic) fluorescence was detected with excitation/emission
wavelengths 490/510 — 570. AWYm was determined by mitochondrial/cytoplasmic fluorescence and then plotted
against the redox ratio (Figure 6B). A spearman correlation test was performed to test for a linear correlation
and found to be not statistically significant (p =-0.36, r = 0.31).

Figure 6. Cellular
Proliferation (A) and
mitochondrial membrane
potential (B) of breast
cancer cell lines plotted
against the optical redox
ratio.

Next, we performed a series of experiments to determine if inhibition of ER function has an effect on the
optical redox ratio. First, ER function was inhibited with tamoxifen (Tam), an ER antagonist in the breast. Tam
is known to promote cell cycle arrest and apoptosis in ER(+) breast cancer and is frequently prescribed to
women with ER(+) breast cancer. Tam is also an effective chemoprevention drug for women at high-risk for
developing breast cancer (23). ER(+) MCF-7 and T47D cells were treated with 2 uM tamoxifen (Tam) for 48
hours and the optical redox ratio was measured by confocal microscopy. We found that Tam significantly
decreased the optical redox ratio of both MCF-7 and T47D breast cancer cells (Figure 7A). In a similar set of
experiments we treated ER(+) MCF-7 cells and ER(-) MDA-231 cells with Tam and the pure antiestrogen ICI
182, 780 (ICl, Faslodex). As expected, Tam and ICI significantly reduced the optical redox ratio of MCF-7
cells, but had no effect on MDA-231 breast cancer cells (Figure 7B). We also acquired MCF-7 variant cell lines
LCC2 and LCC9 from Robert Clarke at Georgetown University (24). LCC2 cells are Tam-resistant and ICI-
sensitive, while the LCC9 cells are Tam- and ICl-resistant. Parental MCF-7, LCC2 and LCC9 cells were either
left untreated or treated with ICI for 48 hours. ICl had a statistically significant effect on MCF-7 and LCC2 cells
(student’s t-test, p < 0.05), while the LCC9 cells were not effected by the ICI treatment (Figure 7C). Together,
the data in Figure 6 suggest that ER antagonists reduce the optical redox ratio in ER(+) breast cancer cells,

but not ER(-) or resistant cell lines.
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Figure 7. A, Optical redox ratio was measured by confocal microscopy from ER(+) MCF-7 and T47D cells that
were treated with 2 uM tamoxifen (Tam) for 48 hours. B, Optical redox ratio was measured from control-, ICI-
182,780- (ICI), and Tam-treated ER(+) MCF-7 and ER(-) MDA-231 cells. C, Optical redox ratio was measured
from MCF-7 derived LCC2 (Tam-resistant, ICl-sensitive) and LCC9 (Tam-resistant, ICl-resistant), and MCF-7 cells
treated with ICI for 48 hours.

The work described above was submitted for publication to Cancer Research in June of 2009. Both reviewers
thought the manuscript was well written and contained “intriguing” and “novel” findings. Reviewer 1
recommended the manuscript for publication, but included a few minor comments to consider. These
comments primarily focused on the speculative nature of the discussion and removal of Figure 3B. Reviewer 2
stated that the manuscript “is exciting and represents an important advance in the field of optical biomarkers”,
but to consider including one key experiment. Reviewer 2 requested that ER either be knocked down or
overexpressed in ER+ or ER- cells, respectively.

In our response to the reviewer 2’'s comments we pointed out that we did in fact do a “knockdown” experiment
when we treated ER+ cells with ICI 182,780. ICI 182,780 is an ER antagonist that targets ER for
degradation. Reviewer 2 responded to our resubmission by acknowledging that “the authors correctly point out
that the ICI experiment is the "knock-down" experiment.

In an effort to go beyond the reviewer’s request, we also took a number of approaches to overexpress ER in
ER- cells. This type of experiment is technically challenging, and this was acknowledged by the 2nd reviewer
following the first submission. Both transient and stable expression approaches to express ER in ER- breast
cancer cells. Because stable expression of ER would likely lead to growth suppression (25-28), we first tried to
transiently transfect ER into ER- cells (MDA-435 and MDA-231). Using a variety of transfection reagents (i.e.
Lipofectamine and Fugene) we were only able to achieve, at maximum, 20% transfection efficiency as
determined by immunofluorescence microscopy (Figure 8A). A low transfection efficiency makes it difficult to 1)
know which cells have been transfected during imaging, and 2) achieve statistically significant results and thus
we did not pursue this further based on our findings.

A

Figure 8. A. MDA-435 cells were
transfected with pCMV-ERa using
Fugene (Roche). 48 hours after
transfection the cells were processed
for immunofluorescence. The primary
antibody antibody was a monoclonal for
ER. Goat anti-mouse Alexafluor 594
was used as the secondary antibody
and all slides were counterstained with
DAPI. B. 293 and MDA-435 cells
transfected with pCMV-ER and 48
203 MDA-435 hours following transfection cells were
pCMV-ERa -+ - - + harvested for total protein. 30 ug of
Hities - lysate was separated by SDS-PAGE
- and western blotting was performed for
ER. T47D lysate was used as a
positive control for ER expression.
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Because transiently transfecting ER into ER- cells did not appear to be a viable way to overexpress ER,
we attempted to stably express ER in ER- MDA-435 breast cancer cells and 293 human embryonic kidney
cells. While we were able to observe ER expression by western blot 48 hours following transfection (Figure
7B), we did not obtain a pool of cells (from either cell line) that overexpressed ER following selection with
G418, an antibiotic for which a resistance gene is encoded in the ER expression vector. This was likely due to
the ability of ER to inhibit proliferation and/or induce cell death in cell lines that do not endogenously express
ER (25-28).

This work was published in Cancer Research in June, 2010.

Following completion of the study described above, we had to optimize a new |
microscopy system because the system used in the previous study was ¥ v
decommissioned. While at Duke we tested three different systems, all available ' "
through the Light Microscopy Core Facility. The decommissioned Zeiss 410 - / \
confocal was converted to a 2-photon microscopy system. Since 2-photon : {J,’” 5 ).
microscopy should work well for imaging NADH and FAD our initial efforts L/ \
focused on optimizing this system. Unfortunately, technical issues which 3/
required us to realign the laser between the NADH and FAD images and low / MCFA10A
signal intensity lead us to abandon this microscopy system. Next we tested the e -] B e
Leica SP5 confocal. While we were able to obtain nice images of NADH and /K‘m—_-ﬂ
FAD, we were not able to adequately separate the NADH and FAD signals _

(Figure 9). We did analyze the acquired images utilizing a number of different ' Ifr A
methods. The results of these analyses showed a similar trend, but were not as / \
robust as what was published in our original study (Figure 10). We believe that ( " \
this was due to the excitation wavelength (405 nm) we were required to use with ) | HM]ZC i
this microscopy system. In the published study we were exciting NADH at 351 : i i
nm. Next, we optimized the Zeiss upright 410 confocal system. This system - ,-'” o s
was very similar to the original system, but not inverted and therefore we had to / R

use a dipping objective to image the cells. This system was working fairly well i \
and we were able to reproduce some of the cell line data from the published f | \\

study. _ !ffl __MDA-N[B:-{?)S‘ \

Lo :
."If \'\
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Figure 9. Spectral data
obtained on the Leica
SP5 confocal microscope
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Figure 10. Optical redox ratio obtained using the SP5 Leica
confocal microscope.



At this time, | accepted a position at the University of Minnesota. Through the Academic Health Center at the
University of Minnesota | have access to the microscopy systems managed by the Biomedical Image
Processing Lab (BIPL). Thus far we have tested two different systems. First, we tested the Zeiss Cell
Observer Spinning Disk Confocal. We could clearly observe the NADH signal, but the FAD signal was too
weak to continue using the microscopy system. Our initial tests with the Olympus FluoView 1000 IX2 Inverted
Confocal indicate that this system should work well. We have acquired bright NADH and FAD images and see
a dramatic difference in the optical redox ratio of HMEC and MCF-7 cell lines. We will further characterize this
system and confirm that we can reproduce our published cell line data before moving on to more detailed
experiments. As a side note, a colleague of mine at Vanderbilt University, Melissa Skala, is also using an
Olympus FluoView 1000 1X2 Inverted Confocal microscopy system to image the optical redox ratio and she
has reproduced our published work in a limited number of cell lines.

Since the submission of the last progress report, we have re-focused our efforts on the proposed statement of
work. This included establishing models of early mammary carcinogenesis, via the knockdown/inhibition of
RARp and p53. We also focused our efforts on establishing a 3D rotary culture system, so we can examine the
optical redox ratio, and other endogenous fluorphores, in intact mammary structures. All of these efforts are
still in the preliminary stages in my new laboratory at the University of Minnesota.

KEY RESEARCH ACCOMPLISHMENTS

¢ We have shown that the optical redox ratio can clearly differentiate normal mammary epithelial cells
from breast cancer cell lines.

e The optical redox ratio can differentiate ER(+) from ER(-) breast cancer cell lines.

o The optical redox ratio is modulated by ER expression and is reduced in the presence of ER
antagonists.

REPORTABLE OUTCOMES

e Ostrander JH, et al. Optical Redox Ratio Differentiates Breast Cancer Cell Lines Based on E strogen
Receptor Status. Endocrine Society Meeting, San Francisco, CA; June 2008, Poster Presentation.

e Ostrander JH, et al. Optical Redox Ratio Differentiates Breast Cancer Cell Lines Based on E strogen
Receptor Status. DoD LINKs Meeting, Vienna, VA; February 2009, Poster Presentation.

¢ Millon SR, Ostrander JH, Yazdanfar S, Brown JQ, Bender JE, Rajeha A, and Ramanujam N.
Preferential uptake of ALA-induced PplX in breast cancer: A comprehensive study on six breast cell
lines. J Biomed Opt. 2010 15(1):018002. PMID: 20210488 (Appendix A)

¢ Millon SR, Ostrander JH, Brown JQ, Raheja A, Seewaldt VL, Ramanujam N. Uptake of 2-NBDG as a

method to monitor therapy response in breast cancer cell lines. Breast Cancer Res Treat. 2011
Feb;126(1):55-62. (Appendix B)

e Ostrander JH, McMahon CM, Lem S, Millon SR, Seewaldt VL, Ramanujam N. The Optical Redox
Ratio Differentiates Breast Cancer Cell Lines Based on Receptor Status. Cancer Res. 2010 Jun
1;70(11):4759-66. (Appendix C)

The research described above was used as preliminary data for the submission of two grant applications in
collaboration with Dr. Nimmi Ramanujam.

e DoD Era of Hope — BC087569. Harnessing the power of light to see and treat breast cancer. The goal
of this proposal is to design and develop novel optical strategies to make current treatments for breast
cancer faster and more effective, thereby reducing over- or under-treatment and the time and cost
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burden associated with it. To achieve this, we will leverage optically detectable biomarkers that report
on the physiological, metabolic, molecular and morphological state of the cancer, with novel
technologies being developed by our team. This proposal was funded by the DoD.

¢ NIH RO1 — AN:3146201. Multiparametric biomarker approach to asses tumor response to therapy. The
goal of this R0O1 proposal is to develop a non-invasive, multi-parametric optical biomarker platform to
dynamically characterize tumor hypoxia and angiogenesis in small animal models

CONCLUSION

Our results suggest that the optical redox ratio can 1) differentiate normal mammary epithelial cells
from breast cancer cell lines, 2) differentiate ER(-) and ER(+) breast cancer cell lines and 3) monitor response
to ER-targeted therapies. These studies provide further evidence that the optical redox ratio may identify
premalignant changes from high-risk women. We will continue to develop models of mammary atypia and use
our current methodologies to test our hypothesis in vitro. We are also developing new methodologies to test
our hypothesis in samples from women at high-risk for developing breast cancer. Furthermore, these studies
suggest that optical techniques may allow us to quickly determine if a woman is responding the
chemoprevention therapies, such as tamoxifen.

While our results support the proposed research, there are also implications beyond the scope of the
funded proposal. First, ER has proven to be a successful target of anti-tumor therapy in ER(+) breast tumors.
However, resistance to anti-estrogen therapies is a serious clinical problem for the treatment of breast cancer.
While ER expression is a good predictor of response to anti-estrogen therapies, not all ER(+) tumors respond
to therapy and some develop resistance after initially responding to therapy. Therefore, the optical redox ratio
may serve as an important biomarker to differentially identify ER(+) breast cancers and monitor response to
anti-estrogen therapy with applications in drug discovery and screening as well as clinical assessment of
response to anti-estrogen therapies.

Second, the optical redox ratio, in combination with additional optical parameters (total hemoglobin,
hemoglobin saturation, and scattering), may have the power to assess the physiological, metabolic,
morphological and molecular alterations in breast tissue in response to targeted and chemotherapies. To
further investigate this possibility we (Dr. Ramanujam, Dr. Ostrander and others) recently submitted an Era of
Hope proposal to the DoD BCRP.

Third, it is possible that Optical Spectroscopy and other molecular imaging modalities (such as optical
coherence tomography (OCT)) when combined will have the power to quickly and efficiently monitor response
to therapy and allow to further probe the molecular mechanisms associated with chemotherapy resistance.
We have recently submitted an R01 proposal in which we propose to develop a non-invasive, multi-parametric
optical biomarker platform to dynamically characterize tumor hypoxia and an giogenesis in small animal
models. The system developed through these proposed studies will be a pow erful tool for studies on
mechanisms of tumor growth, resistance and response to therapy.
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1 Introduction

Abstract. We describe the potential of 5-aminolevulinic acid (ALA)-
induced protoporphyrin IX (PplX) fluorescence as a source of contrast
for margin detection in commonly diagnosed breast cancer subtypes.
Fluorescence intensity of PplX in untreated and ALA-treated normal
mammary epithelial and breast cancer cell lines of varying estrogen
receptor expression were quantitatively imaged with confocal micro-
scopy. Percentage change in fluorescence intensity integrated over
610-700 nm (attributed to PplX) of posttreated compared to pre-
treated cells showed statistically significant differences between four
breast cancer and two normal mammary epithelial cell lines. How-
ever, a direct comparison of post-treatment PplX fluorescence intensi-
ties showed no differences between breast cancer and normal mam-
mary epithelial cell lines due to confounding effects by endogenous
fluorescence from flavin adenine dinucleotide (FAD). Clinically, it is
impractical to obtain pre- and post-treatment images. Thus, spectral
imaging was demonstrated as a means to remove the effects of endo-
genous FAD fluorescence allowing for discrimination between post-
treatment PpIX fluorescence of four breast cancer and two normal
mammary epithelial cell lines. Fluorescence spectral imaging of ALA-
treated breast cancer cells showed preferential PpIX accumulation re-
gardless of malignant phenotype and suggests a useful contrast
mechanism for discrimination of residual cancer at the surface of

breast tumor margins. © 2010 Society of Photo-Optical Instrumentation Engineers.
[DOI: 10.1117/1.3302811]
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Optical techniques that exploit exogenous contrast agents,
such as antibody-conjugated gold nanoparticles™*? or fluores-

Women with early stage breast cancer are eligible for breast
conserving surgery (BCS). The goal of BCS is to remove the
entire tumor while minimizing removal of surrounding nor-
mal tissue. The commonly accepted pathologic criterion for a
negative margin is a 2-mm rim of malignancy-free tissue.!
There are no widely adopted intraoperative tools to assess
tumor margins, and all decisions are made postoperatively by
a pathologist. If the margin is positive, then a secondary sur-
gical procedure is performed to excise additional tissue and
prevent local recurrence of cancer. On average, four out of ten
women undergoing BCS return for a reexcision surgery.>™°
Thus, a critical need exists for new tools that can be used
intraoperatively to determine if a tumor margin is positive or
negative at the time of the first surgery.
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cence molecules,**** are currently being investigated to en-
hance a surgeon’s ability to identify malignancy, with one
possible use being intraoperative margin assessment. A con-
trast agent such as 5-aminolevulinic acid (ALA) is one poten-
tial candidate for margin assessment. ALA has been exten-
sively tested in cells, animal models, and humans™** and is
widely used today for detection and treatment of malignancy.
Addition of exogenous ALA causes a preferential accumula-
tion of protoporphyrin 1X (PplX) in cancerous cells when
compared to normal cells. 513263940 ppx s naturally pro-
duced by all nucleated cells during the heme cycle and me-
ticulously controlled to prevent its natural accumulation.®
This negative feedback system is thought to be modified in
cancerous tissues due to (i) enzymatic defects that lead to an
increase in protoporphyrinogen 1X oxidase and/or (ii) reduced
activity of ferrochelatase.®
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ALA and its derivatives have shown great potential to pho-
todynamically detect and treat cancer in a wide variety of
organs and applications. Clinical approval of ALA derivatives
has been granted in the European Union for photodynamic
diagnosis of cancer of the bladder, brain, and skin, but has
only been approved for use on skin by the Food and Drug
Administration in the United States.”” Preferential accumula-
tion of PpIX in tumor cells, specifically residual glioma cells

within the excision cavity,*"** followed by photodynamic
therapy of those cells, demonstrates the potential of ALA for
use in a “see-and-treat” paradigm in breast cancer.?23"4
ALA-induced PplX has been shown to have a higher accumu-
lation in cancerous breast cells as compared to prostate, ova-
rian, and brain cancer cell lines, which implies higher contrast
and effective visualization of cancerous cells.®*® ALA-
induced phototherapy in breast cancer cells (MDA-MB-231)
has demonstrated high photoefficiency, further demonstrating
the potential for the see-and-treat paradigm within breast
tissue.*®

Previous studies illustrate that ALA-induced PplX has the
capability to differentially detect breast cancer in multiple
biological model systems.*82029%0384% £l orescence quantifi-
cation of PplX in breast cancer cell lysates treated with ALA
was higher as compared to patient-matched normal cell ly-
sates treated with ALA in explanted cell cultures from five
breast cancer patients.?® Studies on an in vivo animal model
have shown that ALA-induced fluorescence can be used to
enhance early detection of neoplastic and metastatic tissue
from normal tissue.®* Transgenic mice with induced ductal
carcinoma in situ, the earliest form of breast cancer, were
shown to have an increase in 635 nm fluorescence (attributed
to PpIX) in cancerous tissues over the surrounding normal
tissues, after tail-vein injection of ALA 60—75 min prior to
imaging.®® In a clinical study, ALA-induced PpIX fluores-
cence was significantly greater in 13 ex vivo primary breast
tumors relative to surrounding normal tissue.** Metastatic ax-
illary and sentinel lymph node tissues imaged ex vivo also
showed an increase in mean PplX fluorescence as compared
to nonmetastatic lymph nodes in seven breast cancer
patients.'

The clinical applicability of ALA-induced PplX has been
demonstrated by the early clinical work of Ladner et al.,* but
before diagnosis of breast cancer with ALA is widely ac-
cepted, more fundamental cellular, animal, and clinical studies
will be required to characterize the effects of breast cancer
subtype on uptake and contrast. Breast cancer is highly het-
erogeneous and has been shown to exhibit large variations in
characteristics that may potentially affect metabolism of con-
trast agents, such as ALA-induced PplX.

The goal of the study reported here was to evaluate ALA-
induced PplX fluorescence of a variety of breast cancer cell
lines of varying phenotypes that are most commonly seen
clinically* and compare their ALA-induced PpIX fluores-
cence to those of normal mammary epithelial cells.* Specifi-
cally, confocal microscopy at 405 nm excitation was utilized
to image ALA-induced PplX fluorescence in a panel of six
different breast cell lines—two normal, two estrogen receptor
negative (ER-), and two ER positive (ER+)—before and
after treatment with ALA. This is the first study to establish
the sources of contrast in different breast cancer and normal
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epithelial cells after application of PplX. Confocal micros-
copy is an ideal modality for cell studies due to its high-
resolution capabilities. Imaging of ALA-induced PpIX fluo-
rescence for intraoperative margin assessment will likely need
full-field imaging techniques, with a larger field of view and
higher speed than confocal fluorescence imaging.

2 Methods and Materials
2.1 Cell Culture

Six breast cell lines were used in this study; two were normal
mammary epithelial cells [MCF10A and human mammary
epithelial cells (HMEC)] and four were breast cancer (MDA-
MB-231, MDA-MB-361, MDA-MB-435, and MCF7). All
cell lines, except for HMEC, were obtained from the Ameri-
can Type Culture collection (Manassas, Virginia). HMEC pri-
mary cells were obtained from Lonza (Basel, Switzerland)
and infected with a retrovirus encoding human telomerase re-
verse transcriptase for immortalization. All cells remained
free of contaminants and were propagated by adherent culture

according to established protocols.** All breast cancer cell
lines were cultured in a-MEM (Minimum Essential Media,
Gibco, Carlsbad, California) supplemented with 6% fetal bo-
vine serum, 1% hepes, 1% nonessential amino acids, 1% of
100 mM sodium pyruvate, 10 wg/mL insulin, 10 wxg/mL
hydrocortisone, and 5 ng/mL epidermal grown factor (EGF).
All normal mammary epithelial cell lines were cultured in
mammary epithelial basal media (MEBM) (Lonza, Basel,
Switzerland) with 0.4% bovine pituitary extract, 0.01% hy-
drocortisone, insulin, and human EGF. Plated cells were incu-
bated at 5% CO, and cultured every 3—4 days. Cells were
double washed in 3 mL of phosphate buffer saline and de-
tached from flasks with 0.25% trypsin before centrifugation.

After 3 min of centrifugation at 120 relative centrifugal
force (rcf), a standard hemocytometer was used to count the
number of cells per milliliter. Approximately 200,000 cells
were plated on a 35-mm coverslip dish (Mat-Tek, Ashland,
Massachusetts) to be tested.

2.2 Confocal Microscope and Imaging Parameters

All confocal images were collected at the Duke University
Light Microscopy Core Facility on a Leica SP5 laser scanning
confocal microscope (Wetzlar, Germany). All cells were im-
aged in a temperature-controlled (37 °C) live cell chamber. A
405-nm diode laser source with a mean power of 2.4 m\W at
the sample plane and scanning rate of 400 Hz was coupled to
an inverted Leica DM16000CS microscope with a 40X oil-
immersion objective (Leica Plan NeoFluor, NA=1.25). The
imaging field of view was 242X242 um with 512
X 512 pixels per image. An acousto-optic beamsplitter
(AOBS) served as a dichroic mirror to allow the 405-nm
excitation light to reach the sample and to allow selection of
emission wavelengths. Cooled photomultiplier tubes (PMTs)
were used to measure fluorescence through a 121-um pinhole
in a confocal arrangement with a theoretical axial resolution
of 2 um.

The emission bandpass for integrated fluorescence inten-
sity measurements was set to 610—700 nm, which was cho-
sen from preliminary spectroscopy data on cells that showed a
fluorescence peak at 630 nm, corresponding to PplX, as pub-
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Table 1 Experimental sample size for confocal microscopy.

No. Total No.
Images/ No. of
Sample size definition plate plates samples
Integrated Treated 1 Sample=Average 6 2 12 per
fluorescence infensity of all cells cell line
intensity per image
Untreated 1 Sample=Average 6 2 12 per
intensity of all cells cell line
per image
Spectrally Treated 1 Sample=3 6 2 12 per
resolved spectra averaged cell line
fluorescence from a cluster of
cells (3-5 cells) per
image
Untreated 1 Sample=3 1 1 1 per cell
spectra averaged line

from a cluster of
cells (3-5 cells) per

image

lished in the literature.*? Images were taken at two separate
fields of view and line averaged (16X per line) for improved
image quality. Each fluorescence intensity image was ac-
quired in ~20 s per image (1/400 per second 16 averages per
line X 512 lines per image). Spectrally resolved fluorescence
images at 405 nm excitation were collected at each of 34
emission wavelengths between 420 and 750 nm with a line
average of 1. The AOBS had a collection bandwidth of
20 nm. A prism with a sliding mirror placed in the optical
path prior to the PMT was scanned every 10 nm to ensure
Nyquist sampling was fulfilled across all wavelengths. Total
acquisition time was 43.5 s for all wavelengths in each spec-
tral image (1/400 per second 1 average per line X512 lines
X 34 wavelengths per spectral image). Leica LAS AF 1.8.2
software (Wetzlar, Germany) was used for data acquisition.
All images (intensity and spectral) were acquired with a gain
of 1200 V, offset 0.7% and zoom of 1.6.

Prior to imaging, a calibration intensity image of standard
fluorescent beads was obtained (FocalCheck Fluorescence
Microscope Test Slide No. 2, Invitrogen, Carlshad, California)
to correct for daily variations in microscope throughput. The
mean fluorescence intensity over all experiments was
208 =5 units. Integrated fluorescence intensity images were
normalized by dividing the measured intensity by the intensity
of the calibration standard measured on the same day.

2.3 Cell Imaging

Twenty-four hours after plating, the original cell media was
removed from the culture dish, and cell lines were treated
either with 500 ug/mL of ALA in standard cell media or
standard media alone and incubated for 2 h prior to imaging.
Because ALA is not fluorescent, it was not removed before
imaging. The concentration of ALA (data not shown) was
chosen experimentally. At 500 wg/mL of ALA, no photo-
toxic effects were seen in any cell line tested for this paper.
Cell viability was verified by a trypan blue exclusion assay as
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determined by a previously tested protocol.*® Viable cell con-

centration was then determined by counting the ratio of cells
that were still viable (unstained) to all cells, and 89% = 6% of
ALA-treated and 85% = 8% of untreated cells were found to
be viable. Finally, 500 ug/mL of ALA was found to be
within the range of concentrations used in previous cell cul-
ture studies.'®*°

To determine the optimal time to measure the fluorescence
of PpIX (data not shown), a subset of cells [normal mammary
epithelial MCF10A, MDA-MB-435 (ER-), and MCF7
(ER+)] was tested. The fluorescence intensity increased lin-
early from 0 to 6 h post-ALA treatment, as seen in previous
studies,”® and therefore, the peak intensity window was as-
sumed to be >6 h post-ALA treatment for all cell lines. The
2-h time point was chosen because it is clinically practical
and showed distinct differences between normal mammary
epithelial and breast cancer cell lines (see Sec. 3).

The sample size for each cell line included 12 treated and
seven untreated plates. Fluorescence intensity images were
obtained from six of the treated and six of the untreated
plates. Confocal spectral imaging was completed on six addi-
tional treated plates and a single untreated plate for each cell
line. Sample size calculations for imaging of integrated fluo-
rescence and confocal spectral imaging are summarized in
Table 1.

2.4 Analysis of Integrated Fluorescence Intensity
Images

Integrated fluorescence intensity images were analyzed using
NIH ImageJ software. Integrated fluorescence intensity for
each breast cell line was determined by manually segmenting
each cell in the image and then computing the average fluo-
rescence intensity. Background intensity was subtracted, and
the resulting data normalized by the fluorescence of the cali-
bration was standard. The background was defined as an area
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Normal Cells

Malignant Cells

255

128

0
50 pmy

MCF10A MDA-MB-435 (ER-) MCF7 (ER+)

Fig. 1 Representative confocal integrated fluorescence intensity im-
ages (uncalibrated) of normal mammary epithelial (Normal) and
breast cancer (Malignant) cells treated with ALA for 2 h. Excitation
was at 405 nm, and emission was collected between 610 and
700 nm.

Untreated

Untreated

Treated

Treated

without cells that was approximately equivalent to the size of
an entire cell (2000—5000 pixels, depending on the cell line).
Fluorescence intensity values for all cells within each image
were then averaged to represent one sample (each image had
approximately 10-50 cells within a field of view, depending
on the cell line). A total of n=12 fields of view (two images
per sample) were imaged, from which the average integrated
fluorescence intensity per cell line was derived for both
treated and untreated cells.

2.5 Analysis of Spectrally Resolved Fluorescence
Images

For spectrally resolved fluorescence images, a spectrum was
calculated by the Leica software from an area of 3-5 adjacent
cells (6000—15,000 pixels, depending on the cell line). Three
groups of adjacent cells were manually segmented, and all
spectra were averaged to obtain a single spectrum (three per
image). A background spectrum was obtained from a cell-free
region in each image (2000—-90,000 pixels, depending on the
cell-line growth pattern) and subtracted from each of the three
spectra. These three spectra were imported into MATLAB
(Mathworks, Inc., Natick, Massachusetts) to calculate Frac-
tional PpIX contribution (FPC). (See Section 3 for further
discussion of this calculation). The three FPC values from
each image were averaged to obtain a single FPC per image.
A total of n=12 FPCs (two images per sample) was calcu-
lated for all six treated cell plates, from which the average
FPC for the cell line was calculated.

2.6 Statistics

All statistics were computed with JMP (SAS, Cary, North
Carolina) software. ANOVAs and t-tests were completed with
a Tukey—Kramer correction for multiple comparisons to de-
termine statistical significance. Exact two-sided p-values were
computed, and all p<<0.05 were considered significant. All
calculated correlations are reported with a Pearson coefficient.

3 Results
3.1 Integrated Fluorescence Intensity Images
Figure 1 shows representative integrated fluorescence inten-
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Fig. 2 Representative normalized fluorescence spectra at 405-nm ex-
citation of (a) untreated cells and (b) ALA-treated cells. Spectra were
normalized to the peak intensity.

sity images of untreated and treated cell lines with different
ER phenotypes. The untreated normal mammary epithelial
cell line image has much higher pretreatment endogenous
fluorescence than either breast cancer cell line, which is likely
due to the endogenous fluorophore, FAD. Bright specks out-
side of the cells in the normal column are cellular debris
caused by plating on untreated glass and were not included in
subsequent analyses. Untreated ER— and ER+ breast cancer
cell lines qualitatively show similar distributions of endog-
enous fluorescence, which is diffusely distributed throughout
the breast cancer cells prior to treatment and a few areas of
high intensity around the nucleus. All cells showed an in-
crease in PpIX fluorescence after 2 h of ALA treatment, as
seen in the “Treated” row in Fig. 1. The normal mammary
epithelial cell line shows bright points of PplX fluorescence
within an even distribution of cellular fluorescence. Breast
cancer cell lines show brighter fluorescence in the perinuclear
cytoplasm, and although the edges of the cells are clearly
visible in the post-treatment images, the edges are not as in-
tense. PplX fluorescence is only in the cellular cytoplasm (as
opposed to the nucleus) in all cell lines.

3.2 Cellular Fluorescence Spectra

Figure 2 shows normalized representative fluorescence spec-
tra from one untreated [Fig. 2(a)] and one ALA-treated plate
[Fig. 2(b)] of normal mammary epithelial, ER—, and ER+ cell
lines at 405 nm excitation. Excitation at 405 nm is expected
to elicit fluorescence from FAD and PpIX.*® Normalized rep-
resentative spectra in Fig. 2 show a single broad emission,
which is due to FAD, and spectra from treated cells show an
additional distinct ALA-induced PplX emission peak at
630 nm with a shoulder at 700 nm [Fig. 2(b)], similar to that
observed by others.* It should be noted that the tail of the
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Fig. 3 Average and standard error of the (a) calibrated integrated fluo-
rescence intensity (c.u.) per cell line (n=12) and (b) percentage
change in integrated fluorescence intensity of treated compared to the
untreated controls (n=12). Asterisks denote that each ALA-treated
breast cancer cell line has a statistically higher percentage change in
integrated fluorescence compared to ALA-treated normal mammary
epithelial cell lines (Normal) (p<0.05).

FAD fluorescence spectrum overlaps with the PpIX fluores-
cence between 610 and 700 nm [Fig. 2(b)], and therefore, it is
assumed to contribute to integrated fluorescence intensity im-
ages collected over a bandpass of 610—700 nm.

3.3 Quantitative Integrated Fluorescence Intensity
Measurements

In Fig. 3, the six cell lines were grouped in pairs by ER
expression (normal mammary epithelial, malignant ER-, and
malignant ER+). All cell lines exhibited significantly greater
fluorescence intensity following treatment (p<<0.05). The
normal mammary epithelial cell lines (MCF10A and HMEC)
untreated fluorescence intensity was significantly greater than
all untreated breast cancer (MDA-MB-231, MDA-MB-435,
MCF7, and MDA-MB-361) cell lines [Fig. 3(a), p<<0.01].
Calibrated fluorescence intensity of the ALA-treated HMEC
cell line was significantly greater than the treated MDA-MB-
231 breast cancer cell line, but not significantly different com-
pared to the other ALA-treated breast cancer cell lines. Figure
3(b) shows that the percentage change in PplX fluorescence
intensity following treatment was significantly greater in all
breast cancer cell lines as compared to both normal mammary
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Fig. 4 Representative spectral data (—), spectral data used in fit (O),
polynomial fit (X), and the resulting PpIX spectrum (--).

epithelial cell lines by at least 150% [Fig. 3(b), p<0.05]. No
significant differences in the percent change of fluorescence
intensity were observed between or within the ER- and
ER+ breast cancer cell lines.

3.4 Quantitative analysis of the fluorescence spectral
data

Although the breast cancer cells demonstrated a significant
percentage increase in fluorescence following ALA treatment,
it may be clinically impractical to obtain a pretreatment mea-
surement. Post-treatment intensity measurements alone were
not useful in discriminating normal mammary epithelial cell
lines from breast cancer due to cell-to-cell variability in en-
dogenous FAD fluorescence. A method for differentiating be-
tween normal mammary epithelial and breast cancer cells us-
ing only post-treatment measurements would be desirable.
Fluorescence spectral images that capture both FAD and PplX
fluorescence have the potential to directly address this prob-
lem as presented below.

The contribution of FAD fluorescence to the PplX fluores-
cence was quantified and removed as shown in Fig. 4. First,
the spectrum between 520—600 nm and 700-750 nm (O)
was fit with a fourth-order polynomial to approximate an un-
treated spectrum (X). All polynomials were shown to have a
goodness-of-fit coefficient (r) of 0.93. The fitted curve (X)
was then subtracted from the measured data (—), which re-
sulted in an FAD-subtracted PpIX spectrum (--). The area
under the curve of the resulting PplX spectrum was calculated
over 610—700 nm and represents integrated PplX fluores-
cence intensity. The area under the curve of the fitted FAD
spectrum was calculated to represent the integrated baseline
FAD fluorescence intensity. Then, FPC was calculated as the
ratio of integrated PpIX and FAD fluorescence intensities.

Figure 5 shows the FPC for each cell line. All breast can-
cer cell lines have a significantly higher FPC than normal
mammary epithelial cell lines. It is not surprising to note that
the FPC and percentage change in fluorescence intensity,
(Figs. 3 and 5), are significantly and positively correlated
(Pearson coefficient=0.92, p<<0.05). No differences in FPC
were observed between ER+ and ER- cell lines. Therefore, it
can be said that PpIX fluorescence is preferentially accumu-
lated in all breast cancer cells studied here, regardless of ER
expression.
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Fig. 5 Average and standard error of the FPC. Asterisks denote that the
FPC of each breast cancer cell line is significantly higher than those of
both normal mammary epithelial cell lines (p<0.05).

Fractional PplX

4 Discussion

This study demonstrates the ability of ALA-induced PplIX to
discriminate breast cancer cell lines from normal mammary
epithelial cells. Breast cancer cell lines used in this study
comprised a variety of phenotypes, including ER— and ER+
(ER is expressed in ~60% of all breast cancers).*” The re-
search showed that fluorescence of ALA-treated cells (two
normal mammary epithelial and four breast cancer cell lines)
was significantly greater than the equivalent untreated cell
lines. Also, breast cancer cell lines could be easily discrimi-
nated from normal mammary epithelial cell lines by determin-
ing the percentage change in fluorescence intensity after PpIX
treatment. However, the high endogenous FAD fluorescence
present in untreated normal mammary epithelial cells resulted
in overall greater post-treatment fluorescence in normal mam-
mary epithelial cells compared to breast cancer cells and dem-
onstrated the need for a method to account for the cell-to-cell
variability in FAD fluorescence in the absence of pretreatment
images. Spectroscopy provided a means of separating endog-
enous fluorescence contribution from ALA-induced PplX
fluorescence and enabled discrimination of normal mammary
epithelial and breast cancer cells based on a single post-
treatment measurement.

Ratiometric methods have been used previously for ALA
studies in oral, bladder, and head and neck tissues®**® to
account for the contribution of endogenous fluorescence.
Fluorometric ratios of red fluorescence to green or blue fluo-
rescence were able to detect malignancies in these various
organ sites.*****® However, implementing these methods to
account for endogenous fluorescence in the present study did
not produce statistically significant differences in the breast
cancer cell lines compared to the normal mammary epithelial
lines. The probable reason for the lack of significant differ-
ences in this study was that the high endogenous fluorescence
in the green or blue wavelength range overwhelms the red
PplIX contribution. Instead of calculating the ratio in the blue
or green, decoupling PpIX fluorescence from the overall re-
mitted fluorescence to compute fractional PplX fluorescence
contribution was required for discrimination of normal mam-
mary epithelium from all breast cancer cell lines and could be
completed with a single post-treatment spectroscopic mea-
surement.
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Spectroscopic approaches similar to that presented here for
separating PpIX fluorescence from endogenous tissue fluores-
cence has been previously reported by Klinteberg et al.,* who
used a similar technique for separation of PplX fluorescence
from tissue autofluorescence in photodynamic therapy of
basal cell carcinoma. The endogenous fluorescence was re-
moved by exponentially fitting the FAD fluorescence and then
subtracting the FAD signal out to determine the photoproducts
after photodynamic therapy. Also, spectroscopic deconvolu-
tion of the endogenous signal from PplX spectra has been
previously shown by Gibbs-Strauss et al.** Comparison of the
detected signals to a liquid tissue phantom containing PpIX
allowed for delineation of the PplX signal from nonspecific
fluorescence transmitted through normal and cancerous tissue
in a mouse brain.”® The results from the study by Gibbs-
Strauss et al.* provided evidence of high endogenous fluores-
cence background when measuring PplX fluorescence from
ALA-treated cancer.

The breast cancer cell lines in this study exhibited a sig-
nificant increase in fluorescence intensity compared to normal
mammary epithelial cells after administration of ALA, as seen
previously in vitro.***? Only one other in vitro study has
compared PplX production in a breast cancer and correspond-
ing normal cell line. Specifically, Rodriguez et al.?® showed
that HB4-A R-ras breast cancer cell lines had higher PplX
fluorescence compared to immortalized cells not transfected
with the Ras oncogene.

The cellular origin of the MDA-MB-435 cell line has re-
cently been questioned. It has previously been shown that the
MDA-MB-435 has a gene-expression profile consistent with
M14 melanoma cells.*® However, more recently it has been
argued that the MDA-MB-435 cell line is indeed of breast
cancer origin.>* The MDA-MB-435 originated from a female,
and the original M14 melanoma line was reported to be de-
rived from a male patient.>* The current M14 melanoma line
stock does not contain a Y chromosome, which indicates that
the M14 was most likely compromised.® In spite of the con-
troversy surrounding the origin of the MDA-MB-435 cell
line, the results from this study demonstrate concordance be-
tween MDA-MB-435 and the other breast cancer cell lines
studied in terms of its uptake of ALA.

This paper presents an examination of the diagnostic po-
tential of PpIX with a panel of normal mammary epithelial
and breast cancer cell lines. It was found that the relative
change in PplX fluorescence intensity could discriminate
breast cancer from normal mammary epithelial cell lines and
was not affected by varying ER expression in cell lines. The
ability to discriminate cells post-ALA treatment shows the
potential for the use of spectroscopic methods in margin as-
sessment of breast cancer with PplX fluorescence, regardless
of ER status. The MDA-MB-361 cell line tested here also
expressed the HER2+/NEU phenotype model, but did not
have a significantly different PpIX fluorescence intensity as
compared to all other cancer cells tested. Therefore,
HER2+/NEU cell lines were not further explored by our
group, and we believe PplX would have similar results in
other phenotypes, as shown by the lack of difference in the
HER2+ /NEU phenotype MDA-MB-361 cells.

This study is an important initial step in characterizing
PplIX fluorescence expression within different biological sub-
types of breast cancer cell lines and comparing them to nor-
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mal mammary epithelial cell lines. Because of the limitations
of an in vitro study, it was not possible to evaluate the pos-
sible effects of vascular transport of ALA to the target tissues
and the corresponding effect on uptake of ALA and conver-
sion to PpIX. Thus, further work is required to address this
issue, and the work presented here is a first step toward real-
izing the utility of ALA for breast cancer delineation. In future
studies, ALA-induced PplX fluorescence will be examined in
xenograft breast cancer models, including ER and
HER2+/NEU phenotypes.
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Abstract This study quantifies uptake of a fluorescent
glucose analog, (2-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-
yl)amino)-2-deoxyglucose) (2-NBDG), in a large panel of
breast cancer cells and demonstrates potential to monitor
changes in glycolysis caused by anticancer and endocrine
therapies. Expressions of glucose transporter (GLUT 1)
and hexokinase (HK I), which phosphorylates 2-NBDG,
were measured via western blot in two normal mammary
epithelial and eight breast cancer cell lines of varying
biological subtype. Fluorescence intensity of each cell line
labeled with 100 uM 2-NBDG for 20 min or unlabeled
control was quantified. A subset of cancer cells was treated
with anticancer and endocrine therapies, and 2-NBDG
fluorescence changes were measured. Expression of GLUT
1 was necessary for uptake of 2-NBDG, as demonstrated
by lack of 2-NBDG uptake in normal human mammary
epithelial cells (HMECs). GLUT 1 expression and
2-NBDG uptake was ubiquitous among all breast cancer
lines. Reduction and stimulation of 2-NBDG uptake was
demonstrated by perturbation with anticancer agents,
lonidamine (LND), and «-cyano-hydroxycinnamate
(«-Cinn), respectively. LND directly inhibits HK and sig-
nificantly reduced 2-NBDG fluorescence in a subset of two
breast cancer cell lines. Conversely, when cells were
treated with o-Cinn, a drug used to increase glycolysis,
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2-NBDG uptake was increased. Furthermore, tamoxifen
(tam), a common endocrine therapy, was administered to
estrogen receptor positive and negative (ER+/—) breast
cells and demonstrated a decreased 2-NBDG uptake in
ER+ cells, reflecting a decrease in glycolysis. Results
indicate that 2-NBDG uptake can be used to measure
changes in glycolysis and has potential for use in early drug
development.

Keywords 2-NBDG - Breast cancer cell lines -
Confocal microscopy - GLUT 1 - Tamoxifen

Introduction

Functional imaging of glucose uptake has been shown to be
invaluable in breast cancer diagnosis, prognosis, and ther-
apy monitoring [1]. Many cancers demonstrate aerobic
glycolysis, glucose metabolism in the presence of oxygen
[1-3]. Current methods to measure glycolysis include
measurement of dielectric response [4], protein quantifi-
cation [5], nuclear resonance and imaging [1, 6, 7],
microarray quantification [8], and pH responsive dyes [9].
Monitoring glycolysis is most commonly measured with
fluoro-deoxyglucose (FDG), a radioactive glucose analog,
and is detected with Positron Emission Tomography (PET)
[1]. All of these techniques, however, can be prohibitively
expensive, manually intensive, and/or technologically
complex rendering them impractical for high-throughput
drug development even with demonstration of clinical
success [1].
2-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino)-2-deoxy-
glucose (2-NBDG) is an optical contrast agent that follows
a similar metabolic pathway to p-glucose [3]. 2-NBDG
enters the cell via glucose transporters (GLUT), and is
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phosphorylated at the C-6 position by hexokinases I-II
(HK) [3]. The phosphorylated fluorescent metabolite
2-NBDG-6-phosphate remains in the cell until further
decomposition occurs into a non-fluorescent form [10].
2-NBDG can be maximally excited at 488 nm and emits at
540 nm. Cellular glycolysis and the proteins GLUT 1 and
HK I have all previously been shown to be up regulated in
breast cancer [11] and thus, it would be expected that
increased glycolysis would lead to increased accumulation
of 2-NBDG in malignant relative to benign tissues [2, 3].
Previous studies to examine applications of 2-NBDG
have focused on cancer detection in vivo [12], on ex vivo
tissue [2], or in vitro [3, 13]. Preferential accumulation of
2-NBDG in cancer tissue over surrounding normal tissue
was demonstrated to be 3.7x higher in 20 neoplastic ex
vivo oral biopsy specimens compared to matched normal
tissue biopsies [2]. Sheth et al. demonstrated the pre-clin-
ical utility of 2-NBDG in several in vivo mouse models,
demonstrating 2-NBDG uptake was greater in a fasting
(glucose deprived) animal compared to a non-fasting ani-
mal, was co-localized with RFP in a gliosarcoma tumor
within a period of 60 min (Warburg Effect) and demon-
strated preferential uptake in a stimulated seizure model of
the brain as compared to one that was free of seizures [12].
Preferential uptake of 2-NBDG in breast cancer has
been carried out previously on in vitro cell studies, but not
in pre-clinical models of breast cancers or human breast
cancers. O’Neil et al. demonstrated a 3.5x greater uptake
of 2-NBDG in MCF?7 cells as compared to non-malignant
M-1 epithelial cells following 10 min of incubation in
0.3 mM concentration of the contrast agent [3]. Levi et al.
used MCF7, MDA-MB-435, and MDA-MB-231 cell lines
to compare 2-NBDG uptake at 10 uM to 10 uM of NIR-
fructose uptake after 15 min of incubation and found them
to be equivalent [13].
(2-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino)-2-deoxy-
glucose) could play an important role in in vitro cell line
studies. 2-NBDG allows for the evaluation of the efficacy of
drugs on a large number of different cell lines, which is
particularly important given the heterogeneity of breast
disease. The objective of the study reported here was to
demonstrate the utility of 2-NBDG as a molecular contrast
agent to quantitatively measure changes in glycolysis and to
demonstrate a method to measure the response of breast
cancer cell lines to therapy. Confocal microscopy was used
toimage the fluorescence signal from 2-NBDG in a panel of
10 different breast cell lines—two normal mammary epi-
thelial and eight cancer that included estrogen receptor
positive (ER+) and negative (ER—) cell lines. The
expression of GLUT 1 and HK I proteins were quantified
following western blot analysis and compared to fluores-
cence results obtained from these cells. A subset of two
breast cancer cell lines was then treated with anticancer
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therapies that directly affect glycolysis: lonidamine (LND),
a HK inhibitor, and o-cyano-hydroxycinnamate (o-Cinn), a
glycolytic stimulator, to demonstrate the ability to measure
opposing perturbations on 2-NBDG uptake. Finally, a
subset of 1 ER+ and 1 ER— breast cancer cell lines was
treated with a therapeutic dose of tamoxifen (tam), a widely
used endocrine therapy for treatment of patients with ER+
breast cancer, to determine if the changes in 2-NBDG
uptake are consistent with the expected effects of tam, a
reduction in glycolysis.

Methods and materials
Cell culture

Two cell lines were derived from the normal mammary
epithelium (MCF12 and human mammary epithelial cells
(HMEC)), and eight were derived from patients with breast
cancer (BT-20, BT-474, MDA-MB-231, MDA-MB-361,
MDA-MB-435, MDA-MB-468, MCF7, and T47D). Breast
cancer cell lines and the MCF12 cell line were obtained from
the American Type Culture collection, ATCC (Manassas,
VA, USA). Primary HMECs were obtained from Lonza
(Basel, Switzerland) and infected with a retrovirus encoding
human telomerase reverse transcriptase (hTERT) for
immortalization. All cells remained free of contaminants
and were propagated by adherent culture, trypsinized, and
plated according to established protocols [14, 15]. Cells
were plated at 100,000 cells/ml in 10 ml for western blot
analysis and 2 ml for all confocal imaging studies.

Confocal microscopy parameters

All confocal images were collected on a Leica SP5 laser
scanning confocal microscope (Wetzlar, Germany) using a
previously published protocol [15]. Briefly, a 488-nm
argon laser source (power at sample was 3.5 mW) was
coupled to an inverted Leica DM16000CS microscope with
a 40x oil-immersion objective (Leica Plan NeoFluor,
NA = 1.25). Emission was collected at 515-585 nm,
chosen from preliminary spectroscopy data on MCF7 cells
to incorporate the full-width half-maximum of 2-NBDG.
Images were acquired with a PMT gain of 950 V, offset
0.7%, and zoom of 1.6 to measure the unlabeled and
labeled 2-NBDG cells. This gain was chosen for quantifi-
cation of weakly fluorescent unlabeled cells to allow
comparison to 2-NBDG-labeled cells. Images of anticancer
and endocrine therapy treated and vehicle control cells (all
2-NBDG labeled) were acquired with a gain of 750V,
offset 0.7%, and zoom of 1.6. The gain was lowered since
some 2-NBDG labeled cell lines had saturated pixels in the
first set of experiments, specifically MDA-MB-435.

22



Breast Cancer Res Treat (2011) 126:55-62

57

Cell imaging studies

Overall uptake of 2-NBDG (2-NBDG labeled versus unla-
beled) was quantified for all 10 breast cell lines and then a
new set of experiments was conducted for each anticancer
or endocrine treatment (treated versus vehicle control).
Each sample was defined as the average intensity of all cells
within a single confocal image. The imaging field of view
was 242 pm x 242 pm with 512 x 512 pixels per image.
Two samples were acquired per plate. Sample sizes for each
cell line included four, 2-NBDG labeled and four unlabeled
plates. All 10 cell lines were tested in the unlabeled versus
labeled experiments, and MDA-MB-435 and MDA-MB-
468 cells were tested with anticancer agents (LND and
o-Cinn) and MCF7 (ER+) and MDA-MB-435 (ER—) with
endocrine therapy (tamoxifen).

2-NBDG uptake

Confocal microscopy imaging sessions were carried out
24 h after plating in the first experimental set that tested
2-NBDG uptake in all breast cell lines or after the treat-
ment periods of 48 or 72 h, for the anticancer and endo-
crine therapies, respectively. The original cell media was
removed from each dish, and cells were washed twice with
PBS. Cells were labeled with either 100 uM 2-NBDG
dissolved in glucose-free cell media, or glucose-free media
alone for unlabeled cells, and incubated for 20 min. The
media was then removed and the cells were washed 3 times
with PBS and imaged. The concentration of 2-NBDG used
was based on initial studies on two plates each of HMEC
and MCF7 cell lines (data not shown). Cells, at 2-NBDG
concentrations of 25, 50, 100, and 200 pM, were incubated
with 2-NBDG for 20 min and were compared to equivalent
unlabeled cells. Intracellular 2-NBDG fluorescence
increased approximately linearly with concentration.
However, at a concentration of 200 uM the fluorescence of
most cells saturated the microscope detector. Therefore, a
concentration in the middle of the tested range and
equivalent to that used in previous cell studies [3], 100 puM,
was chosen for subsequent studies. To determine the
optimal time to measure 2-NBDG fluorescence (data not
shown), two plates each of MCF7 and HMEC cells were
tested at 10, 20 and 45 min. Fluorescence intensity was
found to be significantly different after 20 min (P < 0.05)
between 2-NBDG labeled and unlabeled cells and results
matched previous studies at this time point [3].

Anticancer and endocrine treatments
A subset of cells (MDA-MB-435 and MDA-MB-468) was

treated with the anticancer agents, LND, and a-cyano-hy-
droxycinnamate (o-Cinn). These cell lines were chosen

since they both expressed HK I protein on a western blot
(“Results”), and each cell line possesses unmethylated
monocarboxylate transporter 1 (MCT1), which is the
transporter that is blocked by «-Cinn [16]. Twenty-four
hours after plating, cells were treated with 600 pM LND or
840 pM o-Cinn dissolved in dimethyl sulfoxide (DMSO)
for 48 h [17]. The corresponding vehicle control was
treated with DMSO only. Tam treatment was carried out at
a concentration of 2 pM for 72 h, and the corresponding
vehicle control was ethanol. G1 cell cycle arrest was
determined via cell cycle analysis to occur in MCF7 cells
after treatment with tam. After treatment, the cells were
then labeled with 2-NBDG according to the protocol dis-
cussed and imaged at the settings described.

Data processing

Fluorescence intensity images were analyzed using NIH
Imagel] software and analyzed with methods published
previously [15]. Briefly, fluorescence intensity for each
breast cell line was determined by manually segmenting
each cell in the image and then computing the average
fluorescence intensity for all cells in the image. Back-
ground intensity was subtracted and the resulting data
normalized by a fluorescence calibration standard, which
consisted of a fluorescent bead (FocalCheck Fluorescence
Microscope Test Slide #2, Invitrogen, Carlsbad, CA, USA),
measured daily to account for small changes in laser
power. A total of n = 8 fields of view per cell line (two per
sample per experimental arm) were imaged from which the
average integrated fluorescence intensity per cell line was
derived.

Western blots

Western blots were carried out according to standard pro-
cedures [18]. Briefly, after lysing the cells, resultant protein
samples were heated to 95°C for 5 min and subjected to
sodium dodecyl sulfate—polyacrylamide gel electrophoresis
on 4-12% gradient 1-mm acrylamide gels, followed by
transfer to polyvinylidene difluoride membranes for 1.5 h
at 150 V with a NOVEX semi-transfer unit. Membranes
were blocked for 1.5 h in Tris-buffered saline with 0.01%
Tween 20, and incubated overnight with primary antibody:
rabbit polyclonal GLUT 1 antibody or mouse monoclonal
HK I antibody (Santa Barbara Biotech, California) in Tris-
buffered saline with 0.01% Tween 20 with 10% bovine
serum albumin. One hour incubation with horseradish
peroxidase-conjugated anti-rabbit or mouse antibody,
respectively, (Santa Barbara Biotech, California) followed.
Blots were developed with an enhanced chemilumines-
cence kit (Amersham Pharmacia Biotech, Piscataway, NJ),
and band intensity was quantified on the image by
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manually circling signal area from blot background (East-
man Kodak Co., Rochester, NY). Signal was discriminated
with a threshold determined from an 8-color rainbow look
up table (signal was determined to be within the green—red
coloration).

Statistics

All statistics were computed with JMP (SAS, Cary, NC,
USA) software. ANOVAs and #-tests were completed with
a Tukey—Kramer correction for multiple comparisons to
determine statistical significance. Exact two-sided P-values
were computed, and all P < 0.05 were considered signifi-
cant. All correlations were calculated with a Pearson
coefficient.

Results

A variety of breast cancer cells were tested in order to
ensure that varying molecular phenotypes did not influence
uptake of 2-NBDG. Estrogen receptor (ER), human growth
receptor 2 (HER?2), and progesterone receptor (PR) status
are given for each cell line as reported by ATCC in
Table 1.

Western blot results

Expression of GLUT 1 and HK I proteins was determined
for all 10 cell lines with actin serving as an internal ref-
erence (Fig. 1). It is evident from the results that all
malignant cell lines express measurable, but variable,
GLUT 1 protein levels while the HMEC strain exhibits a
negligible amount of GLUT 1 compared to its malignant
counterparts. Interestingly, the other non-malignant epi-
thelial line (MCF12) exhibited measurable levels of GLUT
1. HK I levels are widely variable across malignant cell

Table 1 Summary of cell lines tested and ER, HER2, and PR
receptor status

Cell line Type ER HER 2 PR
MCF12 Normal

HMEC Normal

BT-474 Cancer + + +
T47D Cancer + — +
MCF7 Cancer + — +
MDA-MB-435 Cancer — — -
BT-20 Cancer — — -
MDA-MB-361 Cancer + + -
MDA-MB-231 Cancer - - —
MDA-MB-468 Cancer — -

@ Springer

lines. HMEC cells exhibit nominal levels of HK I when
compared to malignant lines. The MCF12 line exhibited
fairly high levels of HK I expression when compared to
malignant cell lines. Furthermore, high GLUT 1 expression
did not necessarily correspond to high HK I expression, as
seen in the T47D cell line.

2-NBDG uptake in cells

Figure 2 shows representative fluorescence intensity ima-
ges of 2-NBDG labeled and unlabeled HMEC (normal) and
MDA-MB-435 and MDA-MB-468 (cancer) cell lines. The
two cancer cell lines shown were subsequently tested with
both anticancer agents (LND and o-Cinn). All cell lines
show similar diffusely distributed baseline fluorescence in
the cytoplasm (as opposed to the nucleus), which is likely
due to flavoproteins. HMEC does not show a significant
increase in fluorescence after 2-NBDG labeling. Con-
versely, labeled breast cancer cell lines are significantly
more fluorescent than unlabeled.

Figure 3 shows bar graphs of fluorescence intensity after
2-NBDG labeling for the 10 cell lines, grouped as normal
mammary epithelial cells and breast cancer cells. Figure 3a
shows mean calibrated fluorescence intensity stratified by
cell line. Figure 3b shows A change in fluorescence
intensity defined as: 2-NBDG labeled intensity — unla-
beled fluorescence intensity. All cell lines exhibited sig-
nificantly greater fluorescence intensity following 2-NBDG
labeling (P < 0.05). As expected, all breast cancer cell
lines had a significantly greater uptake of 2-NBDG than
HMEC. MCF12 had an approximate 10-fold increase in 2-
NBDG fluorescent intensity over the HMECs (Fig. 3a, b).
Significant differences were observed between MCF12 and
individual breast cancer cell lines (BT-20 and MDA-MB-
468, specifically). When comparing the 2-NBDG fluores-
cence to the relative GLUT 1 and HK I protein expressions
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Fig. 1 Western blot analysis of GLUT 1 and HK I levels in 10 breast
cancer cells
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Fig. 2 Representative confocal Normal Cancer
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shown in the western blot, no linear relationship was
observed (Pearson correlation coefficient = 0.44; 0.50,
respectively).

2-NBDG uptake after anticancer and endocrine
treatments

All breast cancer cell lines demonstrated a significant
increase in fluorescence intensity after 2-NBDG labeling.
Therefore, a subset of two cell lines (MDA-MB-435 and
MDA-MB-468) were treated with LND or o-Cinn to
determine if a decrease or increase in glycolysis, respec-
tively, could be measured with 2-NBDG. Figure 4 is a bar
graph of the mean calibrated 2-NBDG fluorescence inten-
sity of the two breast cancer cell lines treated with the
agents (LND and «-Cinn) and vehicle controls.

Inhibition of HK I by LND demonstrated a significant
inhibition of glucose uptake, as indicated by the decreased
2-NBDG fluorescence (P < 0.05). MDA-MB-468 demon-
strated an approximate 50% decrease in 2-NBDG fluores-
cence intensity, whereas MDA-MB-435 fluorescence
intensity only decreased by 15%. Inhibition of lactate-
fueled respiration and subsequent increase in glycolysis via
o-Cinn demonstrated the opposite trend. A significant
increase in 2-NBDG uptake, as reflected by increased
2-NBDG fluorescence, was observed. MDA-MB-468
demonstrated a greater inhibition of 2-NBDG uptake after
LND than MDA-MB-435, but increase in 2-NBDG fluo-
rescence after «-Cinn treatment was similar (P > 0.05)
between both cell lines. The increase in 2-NBDG fluores-
cence intensity was 20% and 25% for MDA-MB-468 and
MDA-MB-435, respectively. It should be noted that the
fluorescence intensity values shown in Fig. 4 cannot be

MDA-MB-435

_—

directly compared with the results shown in Fig. 3 since the
gain on the microscope was decreased to prevent 2-NBDG-
labeled cell intensity from saturating the detector in the
case of data collected for Fig. 4.

To ensure that 2-NBDG uptake could be influenced by
indirect changes in cellular glycolysis and not only by
direct inhibition or stimulation of glycolysis, tam-sensitive
(MCF7 which are ER+) and -insensitive cells (MDA-MB-
435 which are ER—) were treated with 2 pM tam. Riven-
zon-Segal et al. had previously demonstrated GLUT 1
inhibition after 48 and 72 h of 2 pM of tam treatment in
vitro [19]. GLUT 1 expression was measured following
western blot analysis in tam-treated and vehicle control-
treated MCF7 and MDA-MB-435 cell lines (Fig. 5a).
Treated MCF7 cells showed a lower GLUT 1 expression as
compared to control MCF7 cells, whereas the GLUT 1
expression of MDA-MB-435 cells was unchanged after
treatment. The corresponding actin control is shown below
GLUT 1. Accordingly, 2-NBDG uptake was significantly
decreased in the treated MCF7 (tam-sensitive) cells over
control MCF7 cells Fig. 5b. 2-NBDG uptake in MDA-MB-
435 (tam-insensitive) cells did not change after treatment in
Fig. 5b.

Discussion

This study demonstrates the ability to measure changes in
glycolysis with the uptake of 2-NBDG via confocal fluo-
rescence microscopy after anticancer and endocrine ther-
apies. Our results showed that 2-NBDG accumulation in
breast cell lines occurs in cells that express GLUT 1
regardless of receptor status. HMEC showed relatively
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Fig. 3 a Mean calibrated fluorescence intensity values and standard
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Fig. 5 a Western blot of GLUT 1 expression in treated and control
MCF7 and MDA-MB-435 cell lines with corresponding actin controls
below. b Calibrated mean fluorescence intensity values and standard
deviation after treatment with tam in MCF7 and MDA-MB-435 cell
lines (* denotes P < 0.05)

little 2-NBDG uptake, likely due to the very low levels of
GLUT 1 expression. Previous in vitro studies carried out
with 2-NBDG have shown that GLUT 1 influences com-
petitive uptake using media with p-glucose, a GLUT 1
transporter specific glucose [13]. Our study quantified
protein expression of GLUT 1 and HK I and demonstrated
that HMEC expressed negligible GLUT 1 and had a sig-
nificantly lower fluorescence intensity after 2-NBDG
labeling. The normal MCF12 cell line, which expressed
GLUT 1, took up a significant amount of 2-NBDG, as did
all breast cancer cells. GLUT 1 is not typically over-
expressed in normal mammary epithelium [11], and we

Fig. 4 a Calibrated mean a b
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hypothesize GLUT 1 expression likely occurred during
immortalization of MCF12.

A large panel of breast cancer cells was investigated to
ensure that 2-NBDG could be used ubiquitously; all breast
cancer cells demonstrated the ability to uptake 2-NBDG.
However, variations in overall uptake could be seen
between cell lines. It is believed to be due to differences in
GLUT 1 and HK I expression and kinetics of 2-NBDG
uptake in each cell line, which was not tested in this study.
Only two cell lines were used to determine the optimal
time point to examine 2-NBDG uptake. The uptake time of
20 min was chosen in order to be able to image the sig-
nificant contrast between 2-NBDG labeled and unlabeled
cells reasonably immediately.

Increasingly, drugs are being developed to target gly-
colysis [20]. To demonstrate 2-NBDG applicability to
monitor breast cancer response to therapy, agents that
directly inhibit and stimulate glycolysis were used on a
subset of breast cancer cell lines. HK I protein, which is
critical for glucose metabolism, was expressed in all cell
lines. HK I has previously been demonstrated to be
influential in the uptake of FDG [11]. GLUT 1 was
expressed in all cells lines except in the HMECs. GLUT
1 has been previously shown to be over-expressed in
breast cancer [21]. GLUT 1 and HK I did not directly
correlate with the uptake of 2-NBDG in the breast cancer
cell lines tested here. This could potentially be due to the
fact that western blots are a measure of protein expres-
sion, and not the activity level. Also, several GLUT exist
within the cell membranes that transport glucose, such as
GLUT 2.

The importance of HK I was demonstrated by directly
inhibiting it with the anticancer agent, LND [22]. LND
decreased 2-NBDG uptake by inhibiting HK I. The greater
inhibition in the uptake of 2-NBDG after LND treatment in
MDA-MB-468 is believed to be due to the higher expres-
sion of HK I. However, from these studies it is difficult to
explain specifically the basis for the differences in
2-NBDG uptake between the two cell lines. Possible
sources for these differences could include overall kinetics
of the pathways, protein activity within the cells, or dosage.
Further experiments are needed to fully elucidate these
differences. Nonetheless, a change in 2-NBDG uptake due
to inhibition of HK has not been previously demonstrated.
To ensure that inhibition of 2-NBDG uptake was not
caused by the presence of the LND molecule, «-Cinn was
also tested. «-Cinn has been previously shown in 2-NBDG
studies to increase 2-NBDG uptake in neurons [16] and
increase glucose use in SiHa cells [23], and therefore,
o-Cinn should be able to demonstrate the stimulation of
2-NBDG uptake in breast cancer. The opposing trends in
2-NBDG uptake seen with treatment using o-Cinn also
confirm that inhibition of LND is not caused by just the

presence of the molecule and that 2-NBDG can be used to
monitor stimulation or inhibition of glycolysis.

Vehicle controls shown in Fig. 4 have 200 pM DMSO
and 160 uM DMSO added to media for the LND and
o-Cinn treatments, respectively. 2-NBDG-labeled controls
without DMSO were tested simultaneously and compared
to DMSO-treated controls (not shown), and DMSO was
shown to increase overall 2-NBDG fluorescence which
reflects an increase in cell membrane permeability.
Therefore, the vehicle controls treated with DMSO are
shown in the Results (Fig. 4) to control for the effect of
DMSO on 2-NBDG uptake in the LND and o-Cinn
experiments.

Finally, MCF7, an ER+, and MDA-MB-435, an ER—,
cell lines were treated with tam. Tam is a commonly used
endocrine therapy that specifically targets ER [14] and is,
therefore, a good candidate to demonstrate the applicability
of 2-NBDG to breast cancer. Tam has been shown to
decrease glycolysis [19, 24, 25] and inhibit GLUT 1 in
vitro in tam-sensitive cells [19]. Previous studies have also
shown a decrease in glycolysis after tam treatment by
imaging FDG uptake [26, 27]. Uptake of 2-NBDG signif-
icantly decreased after treatment in MCF7 cells, but did not
change in the MDA-MB-435 cell line. No response in the
MDA-MB-435 cells showed the ability of 2-NBDG to
monitor therapy response. An independent western blot
analysis showed that GLUT 1 is important in the uptake of
2-NBDG in breast cancer.

The cellular origin of the MDA-MB-435 cell line has
recently been questioned. Our group has previously
reported similar uptake of aminolevulinic acid in MDA-
MB-435, implying the cell line is similar to breast [15].
Although, it has previously been shown that the MDA-MB-
435 has a gene expression profile consistent with M14
melanoma cells, recently Chambers [28] has argued that
the MDA-MB-435 cell line is indeed of breast cancer
origin. The argument stated that MDA-MB-435 originated
from a female and the original M14 melanoma line was
reported to be derived from a male patient [28]. The current
M14 melanoma line stock does not contain a Y chromo-
some, which indicates that the M14 was most likely
compromised [28]. In spite of the controversy surrounding
the origin of the MDA-MB-435 cell line, the results from
this study demonstrate concordance between MDA-MB-
435 and the other breast cancer cell lines studied in terms
of its uptake of 2-NBDG.

(2-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino)-2-deoxy-
glucose) uptake is a simple method to monitor changes in
glycolysis and effectiveness of therapy. 2-NBDG can be
further implemented in animal models to monitor the
effects of drugs that affect glycolysis over time in vivo.
Sheth et al. have successfully used an RFP murine dorsal
window chamber model to show the overlap in 2-NBDG
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uptake and RFP-labeled cancer cells [12]. Dorsal window
chambers with 2-NBDG imaging would allow for longi-
tudinal studies to examine effectiveness of therapies that
perturb glycolysis. Other possibilities for pre-clinical
monitoring of in vivo therapy could be to use spectroscopy
or spectral imaging to monitor changes in 2-NBDG uptake
in solid tumors. By utilizing the 2-NBDG molecule in
conjunction with confocal, wide-field, or spectroscopy
systems, glucose monitoring cost can be greatly reduced
over other options such as microPET.
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Abstract

Autofluorescence spectroscopy is a powerful imaging technique that exploits endogenous fluorophores. The
endogenous fluorophores NADH and flavin adenine dinucleotide (FAD) are two of the principal electron do-
nors and acceptors in cellular metabolism, respectively. The optical oxidation-reduction (redox) ratio is a mea-
sure of cellular metabolism and can be determined by the ratio of NADH/FAD. We hypothesized that there
would be a significant difference in the optical redox ratio of normal mammary epithelial cells compared with
breast tumor cell lines and that estrogen receptor (ER)-positive cells would have a higher redox ratio than
ER-negative cells. To test our hypothesis, the optical redox ratio was determined by collecting the fluorescence
emission for NADH and FAD via confocal microscopy. We observed a statistically significant increase in the
optical redox ratio of cancer compared with normal cell lines (P < 0.05). Additionally, we observed a statisti-
cally significant increase in the optical redox ratio of ER(+) breast cancer cell lines. The level of ESRI expres-
sion, determined by real-time PCR, directly correlated with the optical redox ratio (Pearson's correlation
coefficient = 0.8122, P = 0.0024). Furthermore, treatment with tamoxifen and ICI 182,870 statistically decreased
the optical redox ratio of only ER(+) breast cancer cell lines. The results of this study raise the important
possibility that fluorescence spectroscopy can be used to identify subtypes of breast cancer based on receptor
status, monitor response to therapy, or potentially predict response to therapy. This source of optical contrast
could be a potentially useful tool for drug screening in preclinical models. Cancer Res; 70(11); 4759-66. ©2010 AACR.

Introduction

Fluorescence microscopy is a useful tool to characterize
the metabolic properties of normal and cancerous cells and
tissue (1, 2). The primary oxidation-reduction (redox) reac-
tions in cells to generate energy in the form of ATP are the
conversion of NAD" to its reduced form NAD(P)H (hence-
forth referred to as NADH) and the oxidation of flavin ade-
nine dinucleotide (FAD) to FADH,, a process known as
oxidative phosphorylation. Both NADH and FAD are auto-
fluorescent and have distinct excitation and emission maxi-
ma. The optical redox ratio can be determined by calculating
the ratio of the measured fluorescence intensities of NADH
and FAD (NADH/FAD:; ref. 3).

Alterations in cellular metabolism are an important hall-
mark of carcinogenesis (4). Cancer cell metabolism is often
shifted from oxidative phosphorylation to aerobic glycolysis
as the primary generator of cellular ATP. Although the exact
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mechanisms for the switch to aerobic glycolysis and altered
cellular metabolism are variable and complex (4, 5), it pre-
sents clear advantages for tumor growth. These advantages
include resistance to fluctuations in the local oxygen concen-
tration (6) and alterations in the tumor microenvironment
that support tumor cell migration and invasion (7, 8). This
shift, which gives rise to enhanced production of lactate in
the presence of high oxygen, has long been known as the
“Warburg effect” (9). In aerobic glycolysis, glucose is metab-
olized into two pyruvate molecules, which are then con-
verted into lactate. This results in the production of two
molecules of ATP and two NADH. During oxidative phos-
phorylation, one molecule of glucose is converted to carbon
dioxide and water, resulting in the production of 30 to
36 ATP molecules and the oxidation of 10 NADH molecules
to NAD". Thus, the switch from oxidative phosphorylation to
aerobic glycolysis results in a net increase in NADH.
Estrogens and estrogen receptors (ER) have been shown to
play a role in numerous aspects of cellular metabolism in a
number of organ systems, including the liver, pancreas, brain,
muscle, and breast (10, 11). Estrogens/ER have been shown
to increase glucose transport and glycolysis (12-15). For ex-
ample, estrogen exposure has been shown to increase the
expression of a number of glucose transporter (GLUT) pro-
teins (12, 15, 16). Estrogen (but not the ER antagonist tamox-
ifen) increased glucose uptake and lactate production in
MCF-7 xenografts as measured by C'* nuclear magnetic res-
onance imaging (13). Additionally, estrogens/ER regulate
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gene expression of proteins involved in the citric acid cycle
and oxidative phosphorylation (10). Although not specifically
studied in the breast, estrogen/ER have been shown to regu-
late citrate synthase, aconitase, and isocitrate dehydrogenase
(17-20). Notably, isocitrate dehydrogense activity results in
the reduction of NAD" to NADH, which is expected to cause
an increase in the optical redox ratio. Furthermore, ER has
been shown to localize to the mitochondria in a variety of
cell types (10), and it has been proposed that mitochondrial
localization of ER is important for the transcriptional regula-
tion of numerous mitochondrial DNA-encoded genes.

Previous studies have shown that the optical redox ratio is
statistically different between cancer and normal epithelial
cells, with cancer cells exhibiting higher redox ratios (2, 3,
21, 22). For example, in a study comparing normal keratino-
cytes to human papillomavirus (HPV)-transformed cells, the
authors found that HPV-transformed cells had a higher over-
all intensity of NADH and a lower overall intensity of FAD,
which resulted in a statistically significant difference in the
optical redox ratio (22). However, the optical redox ratio of
NADH to FAD has not been quantified for different biological
subtypes of breast cancer, nor has its relationship to breast
cancer ER status been assessed.

Based on previously published reports in the literature, our
primary hypotheses tested in this study were that the optical
redox ratio can differentiate between malignant and nonma-
lignant breast cells and between ER(+) and ER(-) breast can-
cer cell lines. A secondary hypothesis is that the optical redox
ratio can specifically monitor response to antiestrogen thera-
pies. To test our hypotheses, we determined the optical redox
ratio using a confocal microscopy approach. NADH and FAD
intensities were acquired from a panel of normal mammary
epithelial and breast cancer cell lines following excitation at
351 and 488 nm, respectively. The optical redox ratio differen-
tiated normal mammary epithelial cells from breast cancer
cells and also stratified breast cancer cell lines based on ER
expression, which was associated with an increased optical
redox ratio. Further, treatment of ER(+) breast cancer cell
lines with antiestrogens resulted in a decrease in the optical
redox ratio. This effect was not observed in ER(-) cell lines.

ER has proved to be a successful target of antitumor ther-
apy in ER(+) breast tumors. However, resistance to antiestro-
gen therapies is a serious clinical problem for the treatment
of breast cancer. Whereas ER expression is a good predictor
of response to antiestrogen therapies, not all ER(+) tumors
respond to therapy and some develop resistance after initially
responding to therapy. Therefore, the optical redox ratio may
serve as an important biomarker to differentially identify ER
(+) breast cancers and monitor response to antiestrogen ther-
apy, with applications in drug discovery and screening as well
as clinical assessment of response to antiestrogen therapies.

Materials and Methods

Cell culture and reagents

MCF-10A, MDA-231, MDA-435, MDA-468, BT-20, BT-474,
MDA-361, MCF-7, T47D, and ZR-75-1 cells were obtained
from either the American Type Culture Collection or the

Duke Cell Culture Facility. Primary human mammary epithe-
lial cells (HMEC) were obtained from Lonza and transduced
with a retrovirus encoding human telomerase catalytic sub-
unit (hTERT). Cells that incorporated hTERT were selected
with puromycin and resistant cells were pooled and used
for subsequent experiments. All cell lines except MCF-10A
and HMEC were cultured in minimal essential medium o
(Invitrogen) supplemented with 5% fetal bovine serum,
10 mmol/L HEPES (Invitrogen), 1x nonessential amino acids
(Invitrogen), 1x sodium pyruvate (Invitrogen), 1 pg/mL insu-
lin (Invitrogen), 1 pg/mL hydrocortisone (Sigma Aldrich),
and 10 ng/mL epidermal growth factor (EGF; Sigma Aldrich).
MCF-10A and HMEC were cultured in MEBM (Lonza) con-
taining insulin, EGF, hydrocortisone, and bovine pituitary
extract. All cell lines were tested for Mycoplasma contamina-
tion at the time of purchase and all experiments were done
within 6 months of purchasing cell lines.

Confocal microscopy

For all experiments testing the optical redox ratio, cells
were plated at 1 x 10° per 35-mm glass-bottomed dish
(MatTek Corporation). For the panel of normal mammary
epithelial cells and breast cancer cell lines, cell images were
obtained approximately 48 hours later on a Zeiss LSM 410
confocal microscope (Duke University Light Microscopy Core
Facility). NADH intensity images were obtained by excitation
at 351 nm with a Coherent Enterprise II UV laser and the
emission collected with a 400-nm LP filter. FAD intensity
images were obtained by excitation at 488 nm with an
Omnichrome KrAr laser and the emission collected with a
505-nm LP filter. Settings for NADH were gain = 9,611, offset =
411, and for FAD, gain = 9,555, offset = 490; the pinhole was
set at 1,488 um for both NADH and FAD. The pinhole, gain,
and offset remained the same for every experiment. A model
cell line, MCF-10A, was imaged during each experiment to
confirm that the laser power and instrument settings were
comparable from day to day (internal control). For cells trea-
ted with the antiestrogens tamoxifen (Tam) or ICI 182,780
(ICL; Sigma Aldrich), cells were plated as described above,
and then approximately 24 hours later, cells were treated
with 2 pmol/L Tam, 100 nmol/L ICI, or vehicle control
(ethanol or DMSO). Images were acquired approximately
48 hours following treatment. Each cell line was imaged on
at least 2 separate days. For each imaging session, there were
two plates of each cell line and two fields of view (320 um x
320 pm) for both NADH and FAD. All images were acquired
with a 40x oil objective. Each image was line averaged
16 times, and image acquisition took approximately
16 seconds. Following data collection, the NADH/FAD ratio
(a measure of the reduction-oxidation ratio) was calculated
for every cell in each image. For each acquired NADH and
FAD image, Image]J software (NIH, ref. 23) was used to obtain
the integrated intensity of NADH and FAD for each cell in the
image after the background fluorescence was subtracted.
NADH values were divided by the FAD value for each cell
in an image and the average NADH/FAD was calculated for
the entire image (n = 1). All images (n > 8) were then aver-
aged to determine the optical redox ratio.
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Table 1. Summary of cell line data
Cell line Normal vs cancer ER status Plates imaged No. of images (n)
MCF-10A Normal —/low 18 36
HMEC Normal —/low 4 8
Total normal 22 44
MDA-231 Cancer Negative 5 10
MDA-435 Cancer Negative 5 10
MDA-468 Cancer Negative 4 8
BT-20 Cancer Negative 4 8
Total ER(-) 18 36
BT-474 Cancer Positive 6 12
MDA-361 Cancer Positive 6 12
MCF-7 Cancer Positive 6 12
T47D Cancer Positive 4 8
ZR-75-1 Cancer Positive 4 8
Total ER(+) 26 52

RNA isolation, cDNA synthesis, and quantitative
real-time PCR

To test for ESRI expression, total RNA from normal
mammary epithelial cells and breast cancer cell lines
(two independent cultures from each cell line) was isolated
using the RNeasy Mini Kit (Qiagen) according to the manu-
facturer's instructions. On-column DNase digestions were

Figure 1. NADH and FAD images
from breast cancer cell lines.

A, representative NADH and FAD
images from normal mammary
epithelial cells (HMEC), ER(-)
breast cancer cell lines (MDA-231
and MDA-468), and ER(+) breast
cancer cell lines (BT-474 and
MCF-7). Bar, 50 um. B, redox ratio
images corresponding to
representative images in A,
computed by dividing NADH
images by FAD images pixel by
pixel. The color scale (shown at the
right of the figure) was optimized
for MCF-7 cells and was kept
constant for all images to allow di-

done to eliminate any genomic DNA contamination using
the RNase-Free DNase Set (Qiagen). Total RNA quantity
and quality were determined using the NanoDrop ND-1,000
full-spectrum UV/Vis spectrophotometer V3.1.2. All of the
RNA that was used in this study had a 260:280 ratio between
2.1 and 2.2. RNA integrity was analyzed using the Experion
RNA HighSens Analysis Kit (Bio-Rad), which confirmed the
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a 4 Figure 2. Optical redox ratio differentiates
< breast cancer cell lines. Optical redox ratio
w 3 (NADH/FAD) of individual cell lines from a panel
E of normal mammary epithelial and breast
<zt cancer cell lines. Cell lines are grouped by
2 T normal mammary epithelial cells (light gray
columns), ER(-) breast cancer cell lines
(medium gray columns), and ER(+) breast
1 cancer cell lines (black bars). Bars, SE.
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presence of intact 18S and 28S rRNA. First-strand cDNA
was synthesized from total RNA using the SuperScript III
First-Strand Synthesis System for reverse transcription-
PCR (RT-PCR; Invitrogen) according to the manufacturer's
protocol.

c¢DNA was amplified using the QuantiTect SYBR Green
PCR master mix (Qiagen) on a Bio-Rad iCycler MyiQ
Single-Color Real-time PCR Detection System. ESRI amplifi-
cation conditions were 95°C for 15 minutes, followed by
40 cycles of 95°C for 30 seconds, 58°C for 30 seconds, and
72°C for 30 seconds. 18S amplification conditions were iden-
tical except for an annealing temperature of 53°C. ESRI prim-
er sequences were generated using VectorNTI software
(Invitrogen): ESRI-F, 5'-CAGCTGTCGCCTTTCCTGCA-3';
ESRI-R, 5'-CACCCTGGCGTCGATTATCT-3’; 18S primers
were purchased from Qiagen (QT00199367). Temperature
gradients were performed to ensure that the annealing tem-
perature for each gene was optimal. Melting curve analysis
was done at the end of the PCR reaction to confirm that only
one amplified product was detected. PCR amplification data
were analyzed with the MyiQ Optical System Software ver-
sion 1.0 (Bio-Rad). The baseline cycles and threshold were
automatically calculated by the software. Because the stan-
dards were defined for each of the experimental runs, the
software adjusted the threshold to attain the highest possible
correlation coefficient value for the PCR standard curve.
Quantitative RT-PCR was done at least twice on each cDNA
from two independent RNA samples from each cell line.

Cell cycle analysis

To confirm that Tam treatment of MCF-7 cells resulted in
cell cycle arrest and/or apoptosis, MCF-7 cells were plated at
2.5 x 10° per well in a six-well plate. Twenty-four hours after
plating cells, triplicate wells were treated in with 2 pmol/L
Tam or vehicle control for 48 hours. Cells were collected

following trypsinization, washed twice with 1x PBS, and then
fixed in 75% ethanol overnight. Before staining, ethanol-fixed
cells were washed twice with 1x PBS. Samples were then
incubated in fluorescence-activated cell sorting (FACS) stain-
ing buffer containing 1x PBS, 1 mg/mL RNase A, 0.5 pmol/L
EDTA, 0.1% Triton X-100, and 100 pg/mL propidium iodide
before FACS cell cycle analysis. Each experiment was repea-
ted at least twice.

Results

Optical redox ratio differentiates breast cancer from
normal cell lines

A number of previous reports suggested that the optical
redox ratio (NADH/FAD) could be used to differentiate
breast cancer cell lines from normal mammary epithelial
cells (24, 25). To further test this hypothesis, we examined
a panel of nine breast cancer cell lines and two cell line mod-
els of normal mammary epithelial cells. As described in Ma-
terials and Methods, each cell line was imaged on at least
2 separate days, two plates per cell line and two images
per plate, for a minimum 7 = 8 (Table 1). MCF-10A cells, a
model of normal mammary epithelial cells, were imaged each
day and had a very consistent redox ratio with a small SE.
Qualitatively, NADH intensity was lower and FAD intensity
was higher in normal mammary epithelial cells compared
with ER(-) and ER(+) breast cancer cell lines. As shown
in Fig. 1A, the NADH intensity dramatically increased in ER(+)
BT-474 and MCF-7 cells compared with HMEC, MDA-231,
and MDA-468 cells, and FAD intensity decreased in MDA-
231, MDA-468, BT-474, and MCF-7 cells compared with
HMEC. Furthermore, when the NADH images were divided
pixel by pixel by the FAD images, there was a dramatic in-
crease in the NADH/FAD signal in ER(+) BT-474 and MCF-7
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cells compared with HMEC, MDA-231, and MDA-468 cells
(Fig. 1B).

Following ImageJ analysis, all data for each cell line were
averaged, and the results are shown in Fig. 2A. We found that
the optical redox ratios of MCF-10A and HMEC lines, models
of normal mammary epithelial cells, were not statistically dif-
ferent from each other (Student's ¢ test, P > 0.05), but both
MCF10A and HMEC lines had statistically different optical
redox ratios when compared individually to all cancer cell
lines (Student's test, P < 0.05). Additionally, all of the ER(+)
cells had higher optical redox ratios relative to all of the ER
(-) breast cancer cell lines. A Tukey-Kramer test was done to
account for multiple comparisons and unequal group sizes
and indicated that ER(-) and ER(+) cell lines were signifi-
cantly different when data were grouped as normal mamma-
ry epithelial cells, ER(-), or ER(+).

Optical redox ratio correlates with ESRI expression
The results from the data presented in Figs. 1 and 2 sug-
gest that the optical redox ratio is associated with ER expres-
sion in the breast cancer cell lines. Therefore, the ER mRNA
(ESRI) expression levels were tested by quantitative RT-PCR
to determine the association between ESRI expression and
the optical redox ratio. Total RNA was harvested from each
cell line and cDNA was prepared. Quantitative RT-PCR was
then performed with primers specific to ESRI and 18S. All
ESRI data were normalized to 18S. As shown in Fig. 3A, very
low expression of ESRI was observed in both normal mam-
mary epithelial cell lines and all four breast cancer cell lines
previously reported to be ER(-), whereas all five breast can-
cer cell lines previously reported as ER(+) expressed signifi-
cant amounts of ESRI. Interestingly, we observed low ESRI
expression in MDA-468 and BT-20 breast cancer cell lines.
These two ER(-) breast cancer cell lines had statistically sig-
nificant higher redox ratios than the other two ER(-) breast

cancer cell lines (MDA-231 and MDA-435; Student's ¢ test,
P<0.05). To determine if ESRI expression positively correlated
with the optical redox ratio, a Pearson's correlation test was
performed. We found that ESRI expression and the optical
redox ratio were positively correlated (Pearson's correlation
coefficient = 0.8122, P = 0.0024), further suggesting that ER
expression has an effect on the optical redox ratio.

Antiestrogens modulate the optical redox ratio

Because ER expression positively correlated with the opti-
cal redox ratio, the next logical step was to test the effects of
the antiestrogens Tam and ICI on the optical redox ratio.
First, the effects of Tam treatment were tested by cell cycle
analysis. Tam (2 pmol/L) or vehicle control was added to the
normal growth medium of triplicate cultures of MCF-7 for 48
hours. MCF-7 cells were then trypsinized and fixed in 75%
ethanol overnight. Samples were then stained with propi-
dium iodide and analyzed by flow cytometry for cell cycle
distribution. After 48 hours of Tam treatment, there was a
statistically significant increase in MCF-7 cells with sub-G;
content of DNA (3.6% to 7.0%; P < 0.0001), indicative of apo-
ptosis, an increase in cells in the G; phase of the cell cycle
(53% to 64%; P = 0.0007), and a decrease in cells in S-phase
and G,-M (S-phase: 25% to 17%, P = 0.0007; G»-M: 19% to
13%, P = 0.0017) as shown in Fig. 4A. The cell cycle analysis
indicated that 2 pmol/L Tam has a significant effect on the
proliferation and cell cycle distribution of MCF-7 cells. Sim-
ilar results were also obtained for MCF-7 cells treated with
100 nmol/L ICI (data not shown).

To test for Tam-induced changes in the optical redox ratio,
ER(+) MCF-7 and T47D cells were treated for 48 hours with
2 umol/L Tam or vehicle control, and NADH and FAD auto-
fluorescence were measured as described above. Tam treat-
ment resulted in a statistically significant decrease in the
optical redox ratio in both MCF-7 and T47D breast cancer

25.0
s l
g 20.0 T
2
Figure 3. Optical redox ratio correlates with ga ]
ESR1 expression. Quantitative RT-PCR data g X 15.0
from normal mammary epithelial and breast E E
cancer cell lines. All ESR1 expression data were [ % ]'
normalized to 78S levels in the same sample. W 10.0
Data presented are the average of four w =
independent quantitative RT-PCR reactions _g
from two separate RNA extractions for each ®
cell line. Bars, SD. ) 5.0
14
0.0 ==
MCF HMEC MDA MDA MDA BT BT MDA MCF7 T47D ZR
10A 231 435 468 20 474 361 75-1
Normal ER(-) ER(+)
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cell lines (Student's ¢ test, P < 0.05; Fig. 4B). Next, the effects
of Tam and ICI on ER(+) MCF-7 and ER(-) MDA-231 cells
were tested. The underlying hypothesis was that if the optical
redox ratio is dependent on ER signaling, then the optical
redox ratio of MCF-7 cells treated with Tam or ICI would de-
crease. However, the optical redox ratio of ER(-) MDA-231
cells would remain unchanged. Indeed, both Tam and ICI
had a statistically significant effect on the optical redox ratio
of MCF-7 cells (Student's ¢ test, P < 0.05), but not MDA-231
breast cancer cells, as shown in Fig. 4C.

An MCF-7 variant cell line, LCC9, was also acquired from
Robert Clarke at Georgetown University (26). The LCC9 cells
are ER(+) but resistant to Tam and ICL Parental MCF-7 and
LCC9 cells were treated with either vehicle control or 100
nmol/L ICI for 48 hours. ICI-treated parental MCF-7 cells
had a statistically significant lower optical redox ratio com-
pared with vehicle control-treated MCF-7 cells (Student's
t test, P < 0.05), whereas the optical redox ratio of LCC9 cells
was not significantly affected by ICI treatment (Fig. 4D). To-
gether, the data in Fig. 4 suggest that ER antagonists reduce
the optical redox ratio in ER(+) breast cancer cells, but not in
ER(-) or antiestrogen-resistant cell lines.

Discussion

Our study shows that the optical redox ratio (a) differenti-
ates normal mammary epithelial cells from a panel of breast
cancer cell lines (Fig. 2), () positively correlates with ER ex-
pression (Fig. 3), and (c¢) can be used to monitor response to
antiestrogen therapy (Fig. 4).

This is the first study to examine the optical redox ratio in
a panel of cell lines that includes both normal mammary ep-
ithelial cells and ER(+) and ER(-) breast cancer cell lines.
Similar to our findings (Fig. 1A), a number of studies have
found that NADH intensity is higher in cancer cells and
high-grade dysplasia compared with normal tissue or cell
lines (24, 25, 27). In a study of 35 suspected cervical lesions
and 7 cases of Barrett's esophagus, higher NADH fluorescence
was observed in high-grade dysplastic lesions compared with
nondysplastic tissue (27). Another study, which compared
one breast cancer cell line and one normal mammary epithe-
lial cell line, found that NADH intensity was 1.8-fold higher in
the breast cancer cell line (25). Interestingly, a third study
found that whereas breast cancer tissue had elevated NADH
compared with normal tissue, the opposite was true for oral
cancers (24), suggesting that transformation-induced changes
in the optical redox ratio may be specific to organ site.

Contrary to the results presented here, in a previous study
by our group, NADH and FAD intensities were examined in-
dependently in MCF-10A, T47D, MDA-231, and in control
and R-Ras transformed cell lines (28). This study used fluo-
rescence spectroscopy of cell suspensions, and a statistically
significant difference in NADH or FAD intensity between ma-
lignant and nonmalignant cells was not observed. One expla-
nation for the differences in findings between our current
monolayer and previous cell suspension studies is likely
due to the fact that fluorescence intensity of cells in suspen-
sion is prone to random error not present in monolayer stud-
ies. Specifically, the effects of scattering from cell suspended
in media can randomly attenuate or increase the fluores-
cence. Further, whereas NADH and FAD intensity values
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provide a measure of the metabolic state, the ratio of NADH
and FAD is a more robust measurement in that it provides
an internal control for cell density and instrument through-
put variations.

The effect of ER expression on the optical redox ratio is
not surprising. As stated above, estrogens and ERs have been
shown to play a role in numerous aspects of cellular metab-
olism (10). The results presented here further indicate the
importance of estrogen/ER in cancer cell metabolism. Based
on previous reports (12-15), the dramatic increase in the
optical redox ratio is likely due to an increase in glucose
transport and aerobic glycolysis, which results in an increase
in NADH. Considering the plethora of metabolic pathways
estrogens/ERs have been shown to participate in, this is like-
ly not the whole story. Future cell culture studies may pro-
vide insight into the molecular mechanisms underlying
estrogen/ER-induced effects on the optical redox ratio.

Although our study is the first to demonstrate that the op-
tical redox ratio can be used to monitor response to anties-
trogen therapy, our results are consistent with a previous study
which showed that the optical redox ratio is modulated in re-
sponse to the chemoprevention agent N-4-(hydroxyphenol)-
retinamide (4HPR) in bladder and ovarian cancer cell lines
(21). In the study by Kirkpatrick and colleagues, fluorescence
spectroscopy was used to measure NADH and FAD intensities.
Samples were excited from 270 to 700 nm to generate excita-
tion-emission matrices from cells in suspension. NADH intensi-
ty was calculated from the excitation at 350 nm with emission
wavelengths 445 to 455 nm. FAD intensity was calculated from
the excitation at 450 nm with emission wavelengths 530 to
540 nm. This study, which measured the optical redox ratio as
FAD/(FAD+NADH), showed a dose-dependent increase in the
optical redox ratio of cells treated with 4HPR, which correlated
with a significant decrease in NADH intensity. Furthermore,
cell lines that exhibited a greater response to 4HPR, as assessed
by cell cycle analysis, also showed an increase in the optical re-
dox ratio. Together, our studies suggest that the optical redox
ratio is a good biomarker to differentially identify ER(+) breast
cancer cells and to monitor response to antiestrogen therapies.
Additional studies in cell lines will allow us to further test the
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